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[571 ABSTRACT 
A multiple-pass laser amplifier that uses oplical focusing 
between subsequent passes through a single gain medium so 
that a reproducibly stable beam size is achieved within the 
gam region. A resonator or a White Cell cavity is provided, 
including 1wo or morc mirrors (planar or curvilincarly 
shaped) facing each other along a resonator axis and an 
optical gain medium positioned on a resonator axis between 
the mirrors or adjacent to one of the mirrors. In a first 
embodiment, two curvilinear mirrors, which may inciudc 
adjacent lenses, are configured so that a lighl beam passing 
through the gain medium and incident on the first mirror is 
reflected by that mirror toward thc second mirror in a 
direction approximately parallel to the resonator axis. A light 
bcam translator, such as an optical flal of transparent matc- 
rial, is positioned to translate this light bcam by a control- 
lable amount toward or away from the resonator axis for 
each pass of the light beam through the translator. A second 
embodiment uses two curvilinear mirrors and one planar 
mirror, with a gain medium positioned in the optical path 
between each curvilinear mirror and the planar mirror. A 
third embodiment uses two curvilinear mirrors and two 
planar mirrors, with a gain medium positioned adjacent to a 
planar mirror. A fourth cmbodimcnt uses a curvilinear mirror 
and three planar mirrors, with a gain medium positioned 
adjacent to a planar mirror. A fourth cmbodimcnt uses four 
planar mirrors and a focusing lens system, with a gain 
medium positioned between thc four mirrors. A fifth 
embodiment uses first and second planar mirrors. a focusing 
lens sysmn and a third mirror that may be planar or 
curvilinear, with a gain medium positioned adjacent to the 
third mirror. A sixth embodiment uses two planar mirrors 
and a curvilinear mirror and a fourth mirror that may bc 
planar or curvilinear, with a gain medium positioned adja- 
cent to thc fourth mirror. In a seventh embodiment, first and 
second mirrors race a third mirror, all curvilinear, in a White 
Cell configuration, and a gain medium is positioned adjacent 
to one of the mirrors. 
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MULTI-PASS LIGHT AMPLIFIER 
This work was performed under NASA Contract No. 
NAS 7-1 145. The U.S. Government has rights in this inven- 
tion. 
This is a continuation-in-part of a patent application U.S. 
Ser. No. 07/979,576, filed 18 Nov. 1992. 
FIELD OF THE INVENTION 
The invention relates generally to Iascrs and more par- 
ticularly to amplification of optical power by laser gain 
media. 
BACKGROUND OR THE INVENTION 
Lasers and laser amplifiers can be energized by many 
different means and may usc many different laser media. Or 
special interest here are laser amplifiers energized or 
“pumped’ by laser diodes. For a review of laser diode 
pumped solid-state lasers sec T. Y. Fan and R. L. Byer, 
“Diode laser-pumped solid-state lascrs”, I.E.E.E. Jour. of 
Quant. Elec., vol. 24 (1988) pp. 895-912. Here the term 
“solid-state lasers” includes all lasers, except semiconductor 
lascr diodcs (referred to as “laser diodes”), in which the laser 
gain medium is a solid-state material. Original work in laser 
diodcs, and a laser diode’s applicability to pumping or 
solid-state lasers, is discussed by W. Streifer et al, “Phased 
array diodc lasers”, Laser FocusElectro-optics, June 1984, 
pp. IO@-109, by R. J. Keys and T. M. Quist, “Injection 
lumincsccnt pumping of CaF2:U3+with GaAs diode lasers”, 
Appl. Phys. Lctt., vol. 4 (1963) pp. 50-52, and by M. Ross, 
“YAG laser operation by scmiconductor laser pumping”, 
Proc. I.E.E.E., vol. 56 (1968) pp. 196-197. New high power 
laser diodes can be used for laser diode pumping. However, 
the pump light must overlap the mode of the solid-state laser 
to obtain efficient laser operation, and a good geometry for 
doing this is end-pumping. These are discussed by L. J. 
Rosencrantz, “CaAs diode-pumped Nd:YAG laser”, Jour. 
Appl. Phys., vol. 43 (1973) pp. 46034605, by K. Kubodera 
and J. Noda, “Pure single mode LiNdP,O,, solid-state laser 
transmitter for 1.3 pm fibcr-optic communications”, Appl. 
Optics, vol. 21 (1982) pp. 3466-3469, and by D. L. Sipes, 
“Highly cflicient neodymium:yttrium aluminum garnet Iascr 
end pumped by a semiconductor laser array”, Appl. Phys. 
Lett., vol. 47 (1985) pp, 74-76. 
Thermal lensing in the laser gain media can perturb the 
laser or amplifier optics and degrade the mode overlap in the 
media. In addition, light from higher power laser diodes is 
oftcn far from diffraction limited; such light does not appear 
in a single transverse spatial mode. Work has been applied 
toward designing solid-state laser cavities and optics that 
transfer diodc light so that thc pump light and the solid-state 
laser modc eficiently overlap in the laser gain medium. 
For many applications increased laser powcr is userul. 
One way to increase powcr is to make a more powerful laser 
oscillator. But, as with elcctronic oscillators, it is often easier 
to obtain desired characteristics from a small, well-con- 
trolled lascr oscillator, and then amplify thc oscillator’s 
output to obtain higher powers. Amplifiers potentially can 
scale short-pulse or frequency-stable laser oscillators to high 
power. 
Laser amplifiers can increase optical power and are as old 
as lasers themselves. Linear amplifiers, fiber amplifiers, and 
multi-pass amplifiers have been built, and are discussed in 
the references cited below. However, much of the work on 
amplificrs using diode-pump sources has been on two cat- 
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egorics of amplifiers. The first is diode-pumpcd fibcr ampli- 
fiers for communications applications. Fiber arnplificrs have 
tremcndous utility as low-noise high-gain amplifiers, but 
they are not ideally suited for use in high peak or average 
power applications because the fiber may damagc, and it is 
difficult to pump single-transverse-mode fiber with high 
power diodes that are not themselves single transverse 
mode. See J. D. Minelly et al, “Laser diodc-pumped neody- 
mium-doped fiber laser with output powenl W”, paper 
CWE6, Conference on Lasers and Elcctro-optics, 1992, 
Digest of Technical Papers, Opt. SOC. of America, Washing- 
ton, D.C., for a particular approach to this problem. Thc 
second category of amplifier is single- or double-pass ampli- 
fiers where for efficiency the input must bc cncrgctic cnough 
to saturate the amplifier. These amplifiers in the master 
oscillator/power amplifier configuration arc technologically 
very important. However, these lasers arc not gcncrally 
optimizcd for large gain, but rather Tor high powcr, high 
energy, and high extraction efficiency One example of an 
amplifier that does not fall directly into the two broad 
categories above is the tightly foldcd amplificr or resonator 
disclosed by T. M. Baer in U.S. Pat. Nos. 4,785,459, 
4,894,839 and 4,908,832. Anothcr cxample is a prcccssing 
slab amplifier discussed by D. B. Coylc, “Design of a high 
gain lascr diodc array-pumped Nd:YAG altcmating preces- 
sive slab amplifier”, I.E.E.E. Jour. Quant Elcc., vol. 27 
(1991) pp. 2327-2331. 
R. P. Sandoval, in “Angular multiplcxing as a technique 
for short-pulse amplification in a high gain xenon amplifier”, 
Jour. Appl. Phys., vol. 49 (1978) pp. 5745-5749, notes that 
passing a sequence of light beams through the samc volume 
of an amplifier but at different angles will amplify short 
pulses, if a significant fraction of thc available energy is 
extracted with cach pass and i f  amplified spontancous cmis- 
sion is suppressed. W. M. Grossman et a], in “Axisymmetric 
angular encoder for laser fusion”, I.E.E.E. Jour Quant. 
Elcc., vol. QE-17 (1981) pp. 187G1878, disclose usc of a 
multi-pass refocusing ring laser amplifier, which is only 
marginally stable when operating as an oscillator, using 
angle mutiplexing; the optical ring is purposcly misaligned 
relalive to the injected bcam. W. R. Trutna and R. L. Bycr, 
in “Multiple-pass Raman gain cell”. Appl. Optics, vol. 19 
(1980) pp. 301-312, dcscribe use of a stable resonator for 
multi-pass amplification of Raman radiation, using anglc 
multiplexing; the successive light beams do not pass through 
a singlc point in the gain medium. 
Even with higher power lascr diodc sources, the efficient 
end-pumped configuration is commonly believed to limit thc 
amount of energy that can bc uscd (as stated by Baer, 
50 Welford et al, and Tidwell et a]; scc the citations in this 
palent), thereby limiting the powcr of the laser, since thc 
power densities in the pump rcgion of the gain medium 
become too high and the heat produced cannot be removed. 
One difficulty encountered with large hcat deposition in 
55 oscillators is that heat flow results in thcrmal lcnsing and 
aberrations in the laser gain mcdium and can also lead to 
thermal birefriingencc and thermal fracturc and loss of 
efficiency. Thermal lensing is inherent in high powcr sidc- 
pumped or end-pumped lasers. Onc technique to reducc 
60 thermal aberrations in resonators is to apply compcnsating 
optics as suggested by S. C. Tidwcll ct al, “Scaling CW 
diode end-pumped Nd:YAC lasers to high average powcrs”, 
I.E.E.E. Jour. Quant Elec., vol. 28 (1992) pp. 997-1009. 
Another approach is to design a laser cavity with an 
65 elliptical optical mode shape as suggested by R. W. Wallace 
et al, “Elliptical Mode Cavities for Solid-state Lasers 
Pumped by Laser Diodes”, U.S. Pat. No. 5,103,457. Use of 
5,546,222 
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an elliptical mode, rather than a circular mode, aids in heat 
transfer and helps match thc cavity mode to the shapc of the 
pumped volume provided by some higher power laser diode 
sources. However, in diode-pumped amplifiers to date, 
avoiding the effects of thermal focusing and thermal aber- 
rations has not been adequately addressed. The subject 
invention discloses a technique for efficient laser amplifica- 
tion that can give high gain and high efficiency with reduced 
sensitivity to thermal lensing in the laser amplifier media. 
This technique can accept end-pumped or side-pumped 
geometries and is not restricted to use of laser diode pumps 
for laser gain medium pumping. 
Some side-pumped diode-pumped amplifiers and varia- 
tions on end-pumped diode-pumpcd amplifiers have been 
built. In these amplifiers the ability to producc high gain is 
still impaired by thermal lensing. In T. M. Baer et al, 
“Performance of diode pumped Nd:YAG and Nd:YLF lasers 
in  a tightly folded resonator configuration”, 1.E.E.E.Jour. 
Quant Elec., vol. 28 (1992) pp. 1131-1138, the authors statc 
that the tightly folded design is diflicult to use due to thermal 
lensing, whcn using thc important laser medium, Nd:YAG. 
The subject invention produces greater gain with less pump 
power. 
The geometry of the subject invention bears some resem- 
blance to the earlier work of E. V. Khoroshilov et al, “10 
kHz-Rate Amplification of 40-fs Optical Pulses at Low 
Pumping Energy”, Spnngcr Series in Chemical Physics, vol. 
48, Ultrafat Phenomena Vi, Springer Verlag, Berlin/ 
Heidelberg, 1988, pp. 22-23 and the work of P. Georges et 
al, “High efficiency multi-pass Ti:sapphirc amplifiers for a 
continuous-wave single-mode laser”, Optics Lett., vol. 16 
(1991) pp. 144-146. However, the designs of these workers 
are fundamentally different in both implementation and 
effect from those of the subject invention. Khoroshilov et. al. 
and Georges et al use amplifier cells where a laser beam is 
multiply passed through a gain medium, and the beam is 
refocuscd between passes of the amplifier, as shown in FIG. 
1. This geometry employs two mirrors that arc ideally 
paraboloidal and of differing focal lcngths deployed around 
the gain medium, with the mirrors positioncd to have 
common foci and the gain medium being located at thc 
common foci of the mirrors. 
FIG. 1 illustrates a design disclosed by Georges et al, ibid 
An optical amplifier cell 1.30 shown in FIG. 1 has a laser 
gain medium 101 of Ti:sapphirc and has a central or reso- 
nator axis 104. A frequency doubled Nd:YAG laser beam 
102 pumps the gain medium 101. The central axis 104 of the 
cell 130 passcs through the gain medium 101. The path of a 
light beam passes through the gain medium 101 and is 
translated downward as a result of passing through two 
Brcwstcr angle faces of the gain medium. A light beam 112 
is introduced into the cell 130 parallel to, but offset by a 
distance d from, the cen~ral axis 104 of the cell, which axis 
is also the central axis of the pump bean 102. The input or 
probc beam 112 to be amplified passes through an aperture 
or hole in an inwardly facing paraboloidal or spherical 
mirror 105 of focal length F,. The beam 112 then passes 
outside the gain medium 101, where the beam is later 
amplified, and develops a bcam waist in a transverse plane 
107 that contains the mirror foci. This beam waist occurs 
because of beam tailoring optics external to the amplifier 
that arc supplied by thc user, a standard design problem for 
those skilled in optics. 
The light beam 112 is incident on a paraboloidal or 
spherical mirror 106 of focal length F,, where F2&1 so that 
the mirrors have unequal focal lengths. The beam 112 is 
reflected from the mirror 106 as a light beam 113 through thc 
4 
gain medium 101 to form another beam waist in the gain 
medium. An amplified light beam 114 passes out of the gain 
medium 101 and is incidcnt upon and reRccts from thc 
mirror 105. The resulting reflectcd beam 115 propagates 
parallel to the central axis 104 of the cell, but offset from this 
axis by a distance of d(F,/F2), which is greater than d. The 
beam 115 passes outside the gain 101 and develops a beam 
waist in the plane 107 of the beam foci. The beam 115 is then 
incidcnt upon the mirror 106. The light beam 115 is reflected 
as a light beam 116 and proceeds toward the gain medium 
101, where this beam is amplified as a light beam 117, and 
continues toward the mirror 105 and is reflected as a light 
bcam 118. The light bcam 118 approaches and is reflected 
from the mirror 106 as a light beam 119. The light beam 119 
15 passes to another waist in the gain medium 101, where the 
beam is further arnplificd as a light beam 120. The beam 120 
propagates parallel to the central axis 104 of the cell, but 
offset from it by a distancc d,ll,,, o f  
20 dojsei4Fi/F2~2 (1)  
The beam is sequentially amplified and displaccd from thc 
central axis 104 in a geometric progression of displace- 
ments. After sufficient amplification thc beam is extracted 
from the amplifier cell 130 by a mirror 108 to, produce a 
light beam output 109. If the mirror 108 is moved away from 
thc central axis 104, the number of passes the bcam makes 
within the amplifier cell is increased, i f  the mirrors 105 and 
106 havc sufficiently large diameters. The difference A,, in 
the offset distance between adjacent beams on thc same side 
30 of the central axis 104, separated by two consccutive beam 
passes through the gain medium 101, is 
An =dlfF,/F,)”’ 2-(F,/I’Z,)n I, (2)  
35 where n is the number of passes of the light beam through 
the gain medium 101 for the earlier beam. Each time a light 
beam is displaced to a Icg further removed from the central 
axis 103, thc beam diameter at the waist in the collirnatcd leg 
is also magnified by thc ratio F,/F,, and in the next pass of 
40 the beam through the gain medium the beam waist is 
demagnified by the inverse ratio: FJF, , In many situations 
this apparatus would produce superior results, i f  the beam 
diamctcr did not geometrically vary in this way, but rather 
was fixed at approximately the diametcr of the pumped 
4s region of thc gain medium 101. Mismatching the diameters 
of the light beam and the pumped region ofthe gain medium 
results in inefficient cncrgy cxtraction and/or reduction of 
gain. 
Optimally, thc ratio FJF, and the input beam waist radius 
50 are choscn so that the beam waists in the gain medium 101 
on the later passes of thc cell fill the pumped region of the 
cell in order to get useful energy extraction. Also the ratio 
F,/F2 and the input beam waist radius need to be choscn so 
that the difference in the offset between adjacent beams on 
5s the same side of the central axis, given by Equation (2), is 
greater than about 2.5 beam diameters, to avoid clipping the 
beam and producing diffractivc losses whcn the beam passes 
a sharp edge. In the gcomctry of FIG. 1, m optional mirror 
110 and Icns 111 are positioned to reflect unabsorbed pump 
60 light back through the gain medium 101, to maximizc the 
absorption of the pump light. The fact that the light beam 
diameter increases geometrically aflcr each pass through the 
amplifier cell 130 in the design of Georges et al shown in 
FIG. 1 makes it harder to achieve a large number of passes 
65 through the gain medium 101, becausc the beam radius 
rapidly becomes too large for the radii of the mirrors 105 and 
106. The progression of beam diameters and locations, 121, 
25 
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122, 123, 124 (not drawn to scale in FIG. 1) indicates how 
thc bcam diameters grow as thc beam is translatcd outward 
from the central axis 104 of the amplifier cell 130. 
LeBlanc ct al, in “Compact and efficicnt multipass Ti:sap- 
phire system . . . ”, Optics Letters, vol. 18 (1993) pp. 
140-142, discuss an eight-pass amplifier for femtosecond- 
length, chirped-pulse amplification in which the first four 
beam passcs occur in a first plane and the second four bcam 
passcs occur in a parallel plane. This is a self-imaging 
systcm, but several mirrors are used for only a single 
reflection so that the system requires many mirrors and is 
quite complex. 
Many techniques arc availablc to amplify light, but such 
tcchniqucs arc oftcn restricted in their uses and cannot be 
used for several formats such as cw, Q-switched pulses, or 
mode-locked pulses. What is needed is a laser amplifier that 
is eflicient, simple and cost-effective and offers high gain. 
Preferably, the apparatus should be able to amplify a beam 
with a Gaussian or near-Gaussian profile without profile 
degradation. Preferably, the amplifier geometry should have 
rcduccd sensitivity to thermal lensing and should accept a 
wide range of pumping mcchanisms, including lascr diode 
pumping. 
SUMMARY OF THE INVENTION 
These needs are met by the invention, which provides 
light amplifier apparatus using an optical resonator including 
two or more mirrors facing cach othcr on opposite sides of 
a common focal plane. The invention places a laser gain 
mcdium within a multi-pass cell to form a multi-pass 
amplifier that has high efficiency and high small-signal gain. 
In a first embodiment, two mirrors arc arranged so that a 
light bcam that passes through a common focal point is 
subscqucntly received by one of the mirrors and rcflected 
toward the othcr mirror so that the reflected light beam 
moves approximately parallel to a selected resonator axis. 
The apparatus includcs an optical gain medium positioned at 
the common focal point and provides a light bcam translator 
of optically transparcnt material. The translator rcccivcs and 
passes a light beam travelling approximately parallel to the 
selected resonator axis. The light beam that issues from the 
translator is again approximately parallel to the resonator 
axis but is translated a small, conuollable amount toward or 
away from thc rcsonator axis. The resonator can be a 
confocal resonator or can be a Whitc Cell, as discussed 
below. 
In another embodiment, the cell is a confocal, optically 
stable rcsonator for internal rcfocusing but is configured in 
a multiple-pass geometry. Inclusion of a light beam trans- 
lator in the apparatus allows use of non-overlapping beam 
paths, with thc exception of a region surrounding the laser 
gain medium. Thc apparatus also includes means to intro- 
duce a light bcam into, or remove a light bcam from, the 
amplificr ccll. 
In one group of embodiments, the light beam is reflected 
from each of a plurality of N>2 reflcctive surfaces or mirrors 
before the bcam is reflected from any mirror a sccond time. 
In a sccond group of embodiments, thc light beam is 
rcflccted from at least one mirror a second time beforc the 
beam is rcflected from at least one of the mirrors a second 
time. The reflective surfaces or mirrors may be planar or 
curvilinearly shaped. The systems are self-imaging at the 
gain mcdium, and thc image has approximately the samc 
size for each pass through the gain medium. The system uscs 
relatively few reflective surfaces, as few as 2-5 in the 
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preferred embodiments, and compensation for thcrmal lens- 
ing is availablc. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a diagram of an amplifier in the prior art by 
Georges et al, including a frequency doubled Nd:YAG lascr 
end-pumped Ti:sapphirc gain mcdium within a multi-pass 
cell. The opposing mirrors forming the multi-pass ccll arc of 
differing €oca1 lengths, causing the beam to takc a different 
path on each pass of thc gain medium. 
FIG. 2 illustrates an embodiment of this invention, includ- 
ing a lascr diode end-pumped solid-state gain medium 
within a multi-pass cell that serves as a confocal resonator. 
A Brcwster angle glass plate causes thc bcam to take a 
different path on each pass of the gain mcdium. 
FIG. 3 is a side view of thc amplifier design shown in FIG. 
2, with a light beam apcrturc includcd. 
FIG. 4 illustrates another embodiment, analogous to that 
of FIG. 2, in which a light beam is inserted into, or removed 
from, an amplifier cell using a small mirror. 
FIG. 5 illustrates a multi-pass ccll in the prior art known 
as a “White cell.” 
FIG. 6 illustrates another embodiment, using modifica- 
tions of the White ccll. 
FIG. 6A illustrates a laser gain mediudmirror combina- 
tion used in FIG. 6. 
FIGS. 7A, 7B, 8A, 8B, 8C, 8D, 9A, 9B, 10,11,12A, 12B, 
13A, 13B and 13C illustrate other embodiments of the 
invention, using other optical cavity configurations. 
FIG. 14 compares use of two-dimensional and three- 
dimensional light beam paths in the embodiments. 
FIG. 15 illustrates one use of an electrically excited gain 
medium for various embodiments of the invention. 
DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE JNVENTION 
Thc invention in the preferred embodiment is a multi-pass 
laser amplifier cell that has optical focusing and bcam 
apodizing properties for the beam under amplification simi- 
lar to, but distinct from, a “stable resonator”, in the tcrmi- 
nology of A. E. Sicgman, Lasers, University Science Books, 
Mill Valley, Calif, 1986, pp. 744-756. Thc beam profilc 
varies littlc in successive passes through thc amplificr, given 
the proper input profile. The configuration is similar to that 
of a resonator in that the beam is rcflccted from each mirror 
(except thc bcam inscrtion or beam removal mirror) several 
times. However, the bcam differs from a slablc oscillator 
beam in that this beam follows a non-reproducing path that 
is ultimately stecrcd out of the ccll aftcr amplification. 
“Confocal” mcans the amplifier is configurcd with mirrors, 
or cquivalcnt optics, where the foci of all these opposing 
focusing mirrors lie in a midplane between these mirrors, 
and the mirrors do not ncccssarily have equal focal lengths. 
Mirrors of this sort can be rcplaced by lens-mirror combi- 
nations with equivalent powers without changing the design 
concept, and the design may also be folded by use of 
rcflcctive flat mirrors. In a preferred embodiment the ampli- 
fier gain mcdium is diodc end-pumped. Howevcr, thc basic 
amplifier concept is neither restricted to diodc pumping nor 
to solid-state gain mcdium, and thc amplifier may be end- 
pumped or sidc-pumped. End pumping typically produces 
higher efficiency. Side pumping affords the possibility of 
spreading greater pump power over a longer gain material, 
which can help reduce thc thrcat of thermal fracturc. 
575 
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Thc amplifier apparatus of our invention, shown in FIGS. 
2 and 3 in one embodiment, maintains a near-constant spot 
sizc ovcr many passes in the amplifier gain medium, which 
is important in allowing an arbitrarily large number of passes 
through the gain medium. This also allows the beam to fill 
the gain region fully and the gain profile effectively filters 
the beam after each pass making the amplifier less sensitive 
to alignment and producing good transverse profile output. 
In the preferred embodiment shown in FIGS. 2 and 3, a 
lighl sourcc 11 pumps a gain medium 13 positioned inside 
an optical rcsonator that is part of an amplificr cell 14. Thc 
sourcc 11 may be any optical pump. A preferred pump is onc 
or more laser diodcs, or thc lailored beam from onc or more 
laser diodes sent using lenses, mirrors, prisms, fibers or other 
standard optical components to thc fight source 11. In one of 
our particular tests we usc a laser diode with an 1 by 200 pm 
light-emitting region. A 200 m diameter cylindrical lcns 
collimates the diode fight in thc widely diverging dimcnsion 
which is perpendicular to the plane of the diode junction and 
pcrpendicular to the long dimcnsion of the light sourcc. A 
light beam 15 from the source 11 is imaged by a pair of 
achromatic lenses, 16 and 17 to focus in the laser gain 
mcdium 13 which may be a solid-state material, such as 
Nd:YLF, bul nced no1 be crystallinc. Similarly, many diode 
pump light imaging systems may be used and the amplifier 
concepts are not restricted to onc-to-one imaging or to use 
of achromatic lenses. The pump light first passes through a 
first mirror 18, with light-receiving surfaces 19 and 20 that 
have high transmission coatings at the laser dime or pump 
wavelength (for example, hp=798 nm), and the coating on 
surfacc 20 is highly reflecling at the wavelength h, of the 
lascr light being amplified (the “laser” wavelength). A first 
surfacc 13u of the laser gain medium 13 is highly transmis- 
sive for both the laser diode wavelength hP and thc laser 
wavelength k,- and the surface 13a of the gain medium is 
highly transmissivc for incident fight at the laser wavelength 
A,. A second gain medium surface 13b might be chosen to 
bc rcflcetive for the diode wavelength hp to rccapturc some 
of the diode light not absorbcd in passing through thc laser 
gain medium 13. However, the second surface 13b prefcr- 
ably has an antircflection coating for incident light at both 
the diode and laser wavelengths. This choicc of antircflcc- 
tion coating also allows the laser medium to be optionally 
pumped from both sides. 
The laser gain medium 13 is held in a thermally conduc- 
tive housing, shown in  FIG. 3 with a heat spreader 52 
attachcd to a cooler 53, that allows heat to flow from the 
laser gain mcdium on one or more sides of the gain mcdium 
whcn the medium is absorbing waste heat gencratcd during 
pumping. A transparent plate 40, appearing in FIG. 2 and 
discussed below, is not shown in FIG. 3, for purposes of 
A second mirror 25 in FIG. 2 faces the first mirror 18 and 
has a coated surface 27 that is highly reflective to the lascr 
light. An aperture 26 is placcd in the second mirror 25 to 
allow the light beam 39 after amplification to subscqucntly 
pass out of the amplifier cell 14 after N cycles through the 
cell (N=l ,  2, . . . ). Alternatively, the light beam path through 
this multi-pass ccll is revcrsible: thc beam can enter instead 
of cxit at the aperture 26 in the second mirror 25, and it is 
somctimes slightly easier to align the light beam to enter the 
optical resonator 14 through the aperture. 
An input light beam 31 a enters the amplifier ccll or 
resonator 14 by passing, or passing through an aperture in, 
the first mirror 18 parallel lo a ccntral or resonator axis 50 
of the amplifier ccll and the pump optics. The input beam 31 
a passes through a glass plate or similar transparcnt medium 
clarity. 
46. 
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40 having two substantially parallel, planar, light-receiving 
surfaces 40a and 40b. The surfaces 40a and 40b of the platc 
40 are polished and are oriented at the Brcwster anglc for the 
plate material relative to the propagation direction of the 
beam 31u. Thus, when the input light beam 31a is properly 
polarized in the plane of FIG. 2, there is practically no 
energy loss at either surface 4Oa or 406 of the platc 40. As 
a result of passing through the plate 40, the input bcam 31a 
is laterally displaced toward (or away from) the laser gain 
medium 13 and the central axis 50 by a transverse displace- 
ment distance As given by 
b=r(ndnh n,/n,)n,/(n,2+n,2) ’”, (3) 
wherc t is the plate thickness and n ,  and n2 are thc refractive 
indices of the ambicnt medium within the ccll and of the 
platc material, respectivcly. 
The thickness t of the platc 40 is chosen so that the 
transverse displacement distance As of the light beam is 
typically 2.5 bcam diametcrs so that thc bcams do not 
overlap upon consccutivc passes through the cell in thc 
plane where a light beam is eventually removed. The bcam 
31a is reflectcd as a beam 31b from thc second mirror 25, 
and thc beam 31b is directed along a path that passes through 
the laser gain medium 13, with a beam waist diameter at thc 
gain medium chosen to approximately equal the diameter of 
the pumped volume in the gain medium. The bcam 31b 
passcs through the laser gain medium 13 and emerges as an 
amplificd bcam 31c, and this light beam approaches and is 
rcflcctcd from the first mirror surfacc 18. A reflected and 
rcdirected bcam 31d then propagates parallcl to the central 
axis 50 until this bcam is reflectcd from the second mirror 25 
as a light bcam 31e. The reflected and rcdirected beam 31e 
is focused and passcs through the laser gain mcdium 13, 
with a beam waist diametcr thal is nearly cqual to i1s 
diameter thc last timc the bcam passed through thc gain 
medium. An amplified light beam 3lJcmergcs from the laser 
gain medium 13. 
After this second amplification, the resulting bcam 31f 
passes from the lascr gain medium 13 to the first mirror 18, 
wherc thc beam is rcflectcd and becomes a light beam 31g. 
The reflccted and rcdirectcd bcam 31g then propagates 
parallcl to the central axis 50 and is again transversely 
displaccd by passage through the platc 40. The light beam 
31g and its successors continuc to pass through thc ccll, 
being displaced inward (or outward) with each pass through 
the plate 40. Whcn a light bcam traveling the indicatcd path 
within the resonator has bcen displaced transversely inward. 
(or outward) a sufficient distance, thc light beam exits the 
from amplifier cell 14 through an apcrture 26 in (or past the 
edge 00 thc second mirror 25. 
Pump power dissipated at thc laser gain medium 13 
generally creates a thcrmal lens through heating of Lhe 
medium. The pair of mirrors 18 and 25 (prcfcrably of 
paraboloidal or sphcroidal shapcs) re-imagc a light bcam 
passing through the gain medium 13 back lhrough the gain 
medium with approximatcly unity magnification. In the 
prescnce of a thermal lcns within the gain medium 13, this 
beam re-imaging still occurs, and the beam radius does not 
changc in the laser gain mcdium from one pass to the next 
pass. This de-emphasizes thc scnsitivity of beam cxtraction 
efficiency to thermal lensing, one of the objectives of thc 
invention. However, with thcrmal lensing present, the beam 
waist location and waist diamcter do change. This changc 
can causc the beam diamctcr to becomc too large in somc 
places, resulting in unwanted beam apcrturing and losses, 
Dcvelopment of a thermal lens can be compensated for, 
and these losses can be minimized or avoided. One means to 
5,546,222 
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achieve this is to provide curvature on the surfaces 13a 
and/or 13b of the laser gain medium 13. For example, use of 
surfaces 13a and/or 13b with concave curvature compen- 
sates for positive thermal lensing, and use of surfaces 1% 
and/or 13b with convex curvature compensates for negative 
thcrmal lensing. The choice of curvature is based on the 
particular laser gain material used and thermal load within 
thc gain material. Preferably, a light beam passing through 
the curved surfaces 13a and 13b and through the thermal 
lens region of the gain medium 13 should have substantially 
reduced net optical focusing power, or no net optical focus- 
ing power. It is optimal, but not essential, to position two 
corrective surfaces 13a and 13b approximately symmetri- 
cally about thc thermal lens or gain medium 13, to avoid 
altering the beam path through the gain medium. This is a 
design problem that depends upon the laser medium, pump 
power, and pump focusing chosen. 
Another method of compensating for thermal lensing is to 
place a selected lens 29a or 29b between the gain medium 
13 and either the first mirror 18 or the second mirror 25 or 
both, to slightly defocus the light beam. It is optimal, but not 
essential, to position two corrective lenses 29a and 29b 
approximately symmetrically about the thermal lens or gain 
medium 13, to avoid altering the beam path through thc gain 
medium. 
In one particular embodiment tested in our laboratory, the 
laser gain medium 13 is a 3 mm by 3 mm by 3.5 mm (length) 
body of 1.45 percent doped Nd:YLF with anti-reflection 
coatings on the flat polished 3 mm by 3 mm faces. The pump 
light enters through one 3 mm by 3 mm face, and the beam 
being amplified enters and exits through the pair of opposing 
3 mm by 3 mm faces. One 3 mm by 3.5 mm face of the gain 
medium 13 is glued to a thermoelectric cooler, and the 
crystalline c-axis of the laser gain matcrial lies in the plane 
of FIG. 2. The pump diode is a 2 Watt, 200 pm laser diode 
(Spectra Diode Labs model 2370-C), and 1.6 Watts of pump 
light is collected and incident on the Nd:YLF gain medium 
13. The diode light is collimated by a 200 pm diameter fused 
silica rod lens bcfore re-imaging by lenses 16 and 17, each 
with diameter and focal length about 50 mm and 120 mm, 
respectively. The mirrors 18 and 25 are paraboloidal, have 
diameter and focal length of about 50 mm and 100 mm, 
respectively, and are spaced apart along the resonator axis 50 
by twice a mirror’s focal length, or approximately 200 mm. 
The pump diodc light and the laser light are also polarized 
in the plane of FIG. 2. The thickness of the Brewster angle 
plate 40 is about 5 mm. The light beam diameter in the 
collimated region is about 1 mm, and the beam diameter at 
the Nd:YLF gain medium 13 is about 0.2 mm. The laser 
diode is focused to a 0.2 mm diameter spot. 
The embodiment illustrated herein differ from the design 
of Georges et al shown in FIG. 1: Our invention provides a 
beam waist size that is approximately constant for all passes 
of the light beam through the gain medium 13. This is also 
true for a second embodiment, illustrated in FIG. 6 and 
discussed below. The progression of beam transverse dis- 
placement inward or outward from the central or resonator 
axis 50 in FIG. 2 is linear, not geometric as in the Georges 
et al design shown in FIG. 1. 
In the geometries of Khoroshilov et al and of Georges et 
al discussed above: ( I  ) the amplified beam path is translated 
geometrically through the multi-pass cell by making the 
parabolas of different focal lengths (not “symmetric confo- 
cal”) so that the beam waist increases (or decreases) geo- 
metrically on each pass, which can be undesirable; (2) the 
Georges et al and Khoroshilov et al pumps are near diffrac- 
tion limited; and (3) the Georges et al apparatus pumps 
10 
through a small hole in one of the paraboloidal mirrors in the 
amplifier so that the pump light beam must be able to fit 
through the minor’s aperture. In the geometry of the subject 
invention, (1) the amplified beam path is translated linearly, 
5 with the beam diameter being approximately constant 
throughout amplification, (2) laser diode pumping is 
employed, and (3) the pump beam uses a larger numerical 
aperture than the hole in the Georges design and thus can 
accept inferior and less diffraction-limited pump beams. 
After 12 passes of a light beam through the Nd:YLF gain 
Io medium 13 wc measure 38 dB of small signal gain of the 
light beam, comparing amplified power out to unamplified 
power output from the cell. Typical laser amplifier results 
from this configuration are shown in Table 1. Those data 
were taken with 12 passes of thc amplifier, with a tempera- 
l 5  ture controlled Nd:YLF gain medium, and with I .6 Watts of 
pump energy focused on the amplifier medium. The time 
durations At arc input pulse widths, full width at half- 
maximum intensity. 
20 TABLE 1 
Typical amplifier results with conhnuous (cw) or pulscd input 
Unamphfied 
outpul Amplificd output 
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cw input (small signal) 5 pwatts 70 mwatts 
cw input 1 mwatl 240 mwatls 
620 mwatts cw input (near saturation) 35 mwatts 
1 0  nsec 10 nsec 
2 1 nsec 2 1 nsec 
1 kHz pulsed input, At 6 ~ J O U ~ C ,  125 pJOUlC, 
IO kHz pulsed input, At 2 5 JIJOUlC, 45 pJOUlC, 
Variations on the embodiment shown in FIGS. 2 and 3 
may be helpful in particular situations. In other tests we have 
used 2 to 16 passes of thc gain medium 13, and the concept 
shown here is obviously extendible to fewer or greater 
numbers of passes. With appropriate optics chosen, either 
odd or even numbers of light beam passcs through the 
amplifier cell 14 are possible. Once the fight beam efficiently 
extracts the energy or power available from thc gain medium 
13, additional passes merely present a loss due to addition of 
surfaces and added alignment complexity. In another varia- 
tion on the embodiment shown in FIGS. 2 and 3, thc path of 
the beam through the amplifier could be reversed, with the 
input and output interchanged. In this revcrscd embodiment, 
the input fight beam enters the amplifier cell 14 through the 
hole or aperture 26 positioned adjacent to or on the resonator 
axis 50 and passes out of the cell at the edge of one of the 
mirrors 18 or 25. 
In an alternative embodiment, shown in FIG. 4, the bcams 
can be coupled into and/or out of the amplifier cell 14 by 
small mirrors 61 and/or 62 positioned to rcceive a light beam 
and reflcct this beam into the cell (mirror 61 ) or out of the 
cell (mirror 62). This embodiment does not require provision 
of a hole or aperture in either of the end mirrors 18 or 25. 
The laser gain medium 13 can optionally be side-pumped 
from one or both sides of the cell. The gain medium 13 can 
also be longitudinally pumped, through the first mirror 18 or 
through the aperture 26 in the second mirror 25. 
The input light beam can be tailored using a variety of 
optical means (lenses and/or mirrors) to position a beam 
waist within the gain medium 13 with thc desired waist 
radius. The optical paths shown in FIG 2 can be folded 
using mirrors to make the amplifier or the pump beam optics 
fit into desired arrangements. The laser gain medium 13 can 
be attached to a heat spreader 52, as shown in FIG. 3, at one 
or more surfaces of the gain medium, to draw off accumu- 
lated thermal energy from the gain medium. 
5,546, 
11 
The plate 40 can be oriented at an anglc different from the 
Brewster anglc, to provide fine adjustments for thc trans- 
verse displacement of the light beam. For a large deviation 
from the Brewstcr angle, antireflection coatings can be 
applied to light-receiving surfaces 40a and 40b of the plate 5 
40 to reduce surface losses. 
The light beam paths shown in FIGS. 2, 3 and 4 are 
displaced or translated in one spatial direction (x in FIG. 2) 
away from (or toward) thc central axis 50 on progressive 
cycles through the amplifier cell, as shown explicitly in FIG. ,o 
2. In another spatial direction (y in F1G. 3). which is 
independent of but need not be orthogonal to the x-direction 
in FIG. 3, a beam aperture 51 is inserted to suppress parasitic 
oscillations in the light beam. If the gain of thc amplifier is 
not great enough, thc light beam leaving the cell 14 can bc 
rc-imaged back into the cell in the y-direction shown in FIG. 
3, and a second Brewster anglc platc (not shown) can be 
added so that the re-introduced light beam is transverscly 
displaced within thc cell in both the x- and y-directions. This 
second plate (optional) would suppress parasitic oscillations, 
and the aperture 51 introduced above for this purpose would 20 
not be necdcd. 
However, with too much gain present, amplified sponta- 
ncous cmission (ASE) begins to waste power. With 38 dB of 
small signal gain present, ASE consumes 5 to 10 milliwatts 
of the unsaturated output, but far less of the saturated output. 25 
This 5 to 10 mwatts is about 1 percent of the powcr available 
to thc amplified beam. With substantially largcr small-signal 
gain, thc ASE would absorb more power from thc amplifier 
and would contributc to a large optical noise background 
from the amplifier. The second optional plate would be 30 
suitable only if the single pass gain of the light beam is 
lowered by use of a larger beam or of a lower gain lascr 
medium. The ASE itself may bc useful for some applications 
as a spatially near diffraction-limited source of broad-band 
light. The ASE can be intentionally increased grcatly by 35 
placing a mirror on one end of the amplifier, if the object is 
to produce an output light beam consisting of ASE light. 
The embodiments shown in FIGS. 2 ,3  and 4 are suitable 
for (longitudinal) end-pumping of the gain medium by a 
variety of pumping sources and optics. Optionally, the gain 40 
medium could also be side-pumped, with some loss in 
cficiency I f  more gain is desired, thc light beam that 
emerges from the amplifier cell 14 can be retro-reflected and 
passcd through the ccll along the samc path but in the 
reverse direction. A Faraday rotation isolator or othcr suit- 45 
able light beam separator can be positioned at the light bcam 
input end to separate the input light beam from the retro- 
reflected output light beam. Use of a rctro-reflected light 
beam that propagates in the reverse direction may be pref- 
erable to cycling of the light beam through the ccll N times 50 
rather than N times. The area of the optically finished 
mirrors 18 and 25 in FIG. 1 need not bc increased to allow 
for additional transverse light beam displacement that 
accompanies the extra cycles for a retro-propagated light 
beam. 55 
As an alternative approach, two or morc amplifier cells 
could be placed in series to obtain increased amplification, 
if more gain or power is desired. The amplifier cells can be 
progressively larger in power and in physical size. If the 
amplifiers are not saturated and are storing energy, as they 60 
might do awaiting input from an infrequently pulsed oscil- 
lator, ASE or parasitic oscillations may be a problem with 
the greater gain of a series of amplifier cells. A series of 
amplifiers operating in saturation can be used with cw pump 
The amplifier cell 14 shown in FIGS. 2, 3 and 4 can bc 
pumped with higher power diodes. Wc have pumped 
energy input. 65 
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Nd:YAG, mid Nd:YVO, with up to 12 Watts of pump 
power, although this is not a limit to the possible pump 
powcr. Many other lascr materials may be used including 
solids such as, but not limited to: Nd:YLF, Nd:YAG, 
Nd:YVO,, Nd:YOS, Cr:LiSAF, Cr:LiCAF, Er:glass, 
Tm:YLF, Tm:YAG, Tm:YVO,, Ho:Tm:YLF, Ho:Tm:YAG, 
Ho:Tm:YVO,, Yb:YLF, Yb:YAG, Yb:YVO,, Nd:glass, 
Tksapphire, ruby, alexandrite, other Nd doped materials or 
materials in YAG, YLF, YOS, or YVO, hosts. Liquid and 
gaseous lascr media or certain semiconductors may also be 
used as the gain medium 13, and optical or electrical 
pumping may bc used. Each of these materials can support 
light beam amplification for one or more wavelengths of 
light. 
Diode pump sources emit from aperturcs of different 
sizes. Using larger (or smaller) area sourccs, the pumped 
volume in the laser gain material of the amplifier cell can 
increase (or decrease), and for optimal amplifier output 
power the diameter of the beam being amplified in the laser 
material is also optimally increased (or decreased). This is 
done by focusing the input beam more (or less) tightly at the 
midplane of the amplifier so that the first reflection from the 
paraboloidal mirror makes the beam focus lcss (or morc) 
tightly in the lascr matcrial. Scaling the whole system in siLe 
is more complex and affects the cost, the pumping method, 
the laser gain medium size and mounting, and the number of 
passes thc beam can make in the amplifier without beam 
clipping. Also the input and output optics may changc. 
Changing the input beam parameters, by contrast, is rela- 
tively easy and can accommodate modcratc (for example, 
two-fold) changes in the pumped diametcr. 
To accommodate more extensive changes the overall size 
of thc ccll can be changed. A largcr cell with proportionally 
longer focal length mirrors will generally work better for 
larger pump diameters. The exact choice of amplifier mirrors 
and input beam parameters needed to suit a particular pump 
beam diameter must be optimized based on the dcsired gain, 
power, pump sourcc, and gain medium. For example, if the 
amplifier cell embodiment of FIG. 2 is scaled up in size 
geometrically SO that the focal lengths of the mirrors arc 
increased, but the input light beam diameter w, is scaled up 
in size as the square root of the geometric scale factor, the 
bcam diameter w2 within the amplificr also scales as the 
squarc root of the geometric scale factor and can accom- 
modate a larger pump beam radius, which can provide 
higher output power. 
The amplifier cell shown in FIG 2 could amplify cw, 
modulated, Q-switched, or ultrashort pulses. Use of a large 
beam diametcr in the Brcwster angle plate 40 is advanta- 
geous in preventing nonlinear effects when amplifying high 
peak power pulses. The cell is useful for amplifying single 
transverse mode beams. Thc cell can be pumped by an 
oversized mode and can then support a wider field of view 
for the input beam, although the output mode quality and the 
amplifier cell eficiency may degradc. 
FIG. 5 illustrates a multi-pass optical device known as a 
“White Cell”, introduccd by J. U. White in Jour. Opt. SOC. 
America, vol. 32 (1942) pp. 285-288, incorporated hcrcin 
by reference. The White Cell includcs threc spherical mir- 
rors, M1, M2, and M3 with respective centers of curvature 
C1, C2, and C3 as shown. Two mirrors, M1 and M2, face a 
third mirror M3. A light beam 71 cnters the White Ccll and 
is reflected along a path 72, 73, 74, 75, 76, 77, 78 lhat 
repeatedly passes through the Cell and then exits therefrom. 
Each reflection from the first mirror M1 occurs at the same 
spot 79 on that mirror, and each reflection from the sccond 
mirror M2 also occurs at thc same spot 80 on that mirror. 
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Thc thrcc mirrors M1, M2 and M3 prefcrably have equal 
radii of curvature R and equal focal lengths f,, within 
practical manufacturing tolerances. The centcrs of curva- 
tures of thc two mirrors M1 and M2 are located in the 
surface of the opposing mirror M3, and the center of 
curvature of the mirror M3 is located in a spherical surfacc 
cxtcnding between the mirrors M1 and M2, as shown. The 
foci of the thrcc mirrors M1, M2 and M3 lie in a common 
midplane P between the opposing mirrors. The injected light 
beam 71 needs to be tailored to initially have a waist at the 
plane P and will then continue to have a waist at the plane 
P after each mirror reflection. Thc bcam waist size progrcs- 
sion follows the same analysis as in the amplificr ccll of FIG. 
2. Thc numbcr of passcs that thc bcam makcs bcforc lcaving 
the White Cell is determined by the separation of thc centers 
of curvature C l  and C2, and this separation is adjustable. 
Howcvcr, with somc spacings of the centers of curvature, the 
beam entering the White Cell emerges retro-reflected along 
thc path of thc input light beam after passing through the 
Whitc Cell (not shown in FIG. 5). 
FIG. 6 illustrates an embodimcnt of the invention, using 
a White Cell as an optical or lascr amplifier cell. This is a 
morc complex three-mirror alternative to the prefcrrcd 
cmbodimenl of FIG. 2. The White Cell amplifier has a gain 
mcdium locatcd contiguous to a mirror, and this amplificr is 
more sensitive if thermally induced misalignment or wedg- 
ing occurs at or in the gain medium. The light beam follows 
a multi-pass path through the White Cell along thc consccu- 
live path segments 81, 82, 83, 84, 85, 86 and 87 and exits 
from the Whitc Ccll along a path segment 88. However, a 
combined laser gain mediumlmirror 94a/94b, shown in 
greater dctail in FIG. 6A, replaces the mirror M1 of FIG. 5, 
and an active volume 91 wherc thc beams pass through thc 
gain mcdium 94a is pumped by a light source 92 that is 
imaged by suitable optics 93, as shown in FIG. 6. The pump 
light source may bc any appropriate pump, for example, onc 
or more lascr diodes. The tailored beam from one or more 
laser diodes may be sent using lenses, mirrors, prisms, fibers 
or other standard optical components to the activc volume 
91. 
First and second surfaces 95 and 96 of the gain medium 
94a are coated to pass light with the pump wavclcngth hp 
and to rcflcct light having the wavelength hL. Mirrors M2 
and M3 are coated to be highly reflective for thc light bcam 
being amplified. The gain mcdium 94 is shown with an 
outwardly facing convex surfacc; however thcrc arc many 
options to make the light beam at the gain medium Ma 
experience focusing equivalent to the mirror M1 of FIG. 5. 
For examplc, instead of flat surfaces 95 and 96, these 
surfaces could be convex or concave. Alternatively, thc 
surfaces 95 and 96 can be flat and a lens 97 can be placed 
in proximity to the surfaccs 95 and 96. Altcrnativcly, the 
surface 96 can be antircflcction coated, and a concave mirror 
can be used in proximily to surface 96. The wastc heat 
porlion of the pump power deposited in thc gain medium 
94a can causc dcvclopmcnt of a thcrmal lens within the gain 
medium. One or more of the mechanisms discussed above 
for controlling focusing power on the gain medium 94a can 
be used to compensate for thermal lensing. 
For the multi-pass laser amplifier ccll embodiments 
shown in FIGS. 2 , 4  and 6, a beam is amplified by multiply 
passing through a gain medium. Beam waists are located in 
the planc P approximately midway between mirrors defining 
the cell. The radii of these bcam waists can be understood 
using the analysis of H. Kogelnik and T. Li, “Laser beams 
and resonators”, Proc. I.E.E.E., vol. 54 (1966) pp. 
1312-1329. The concept of matching the gain and beam 
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profiles is discussed by K. Kubodcra & J .  Noda, ibid., and 
by D. L. Sipcs, ibid. Thc mcthod for calculating the cavity 
mode involves Gaussian beam calculations, and is dcscribcd 
by Kogclnik and Li and is in many standard optics and lascr 
texts, including A. E. Sicgman, Lasers, ibid. Thc embodi- 
ments shown in FIGS. 2 and 4 are multi-pass amplifier 
designs that arc confocal. The foci of opposing mirrors may 
(but necd not) have identical focal lengths that lic in a 
common plane (P) located approximately midway between 
the mirrors. The mirrors preferably have radii of curvatures. 
lo R and focal lengths f0=R/2. Thc multi-pass amplifier design 
rcgardcd as a resonator has a Raylcigh range, zR, equal to f, 
Thc bcam waist sizcs, w, (for light travelling on a path 
parallel to an axis between the reflcctive surfaces) and w2 
(for light travelling on a diagonal path), for consecuiivc 
l 5  cycles through the amplifier cell can differ. This difference 
can be tolerated because thc beam only passes through thc 
gain medium after one-to-one re-imaging by thc ccll. and thc 
gain medium acts as an apcrturc in thc ccll Thc bcam waist 
sizes on alternating passes arc relatcd to thc focal length f, 
5 
2o by a relation governing imaging of beam waists, 
fO==w, 411 (4) 
Consequently, if the input beam is tailored to have a bcarn 
25 waist radius of w, at the plane P then the beam will bc 
refocused to a waist located at the gain medium in planc P, 
and thc bcam radius therc will bc a,. On alternate passes 
through the plane P, thc waist radius will alternate bctwccn 
w, and w, as long as the amplification in thc gain mcdium 
30 is linear across the beam profile and does not cffcctivcly 
apcrturc or expand by preferentially apodizing or amplifying 
thc wings of thc bcam profilc. Ideally, thc beam radius in the 
gain medium is self-replicating in thc amplifier, which 
means that the gain profilc and the bcarn profilc should 
35 overlap, as needed with all cnd-pumped lasers. Bccausc thc 
light bcam passes through thc gain medium at slightly 
differing angles on each pass, the beam overlap cannot be 
perfect on all passes but will manifcst acccptablc overlap on 
the average. 
Similarly, the amplificr gain generally changes with timc. 
For examplc, as pulses pass through the gain mcdium over 
a time scale of nanoseconds the pulses are amplified as thc 
encrgy is extracted. Also thc overlap can not be pcrfect on 
all passes, but again it can match on thc average for many 
45 passes of thc beam. If thc input beam radius w ,  is too largc 
or small then the radius w,in the gain medium will be too 
small or largc. 
In the cell of Georges et al shown in FIG. 1 thc focal 
lengths of the two opposing ccll mirrors dilfcr, and this 
50 changes thc analysis and behavior of the ccll. In FIGS. 2 , 3  
and 4, the optical thickncsscs of thc gain mcdium 13 and of 
the Brewster angle plate 40 used in these embodiments arc 
not the same as an equivalent thickncss of air, and this will 
also slightly perturb thc modc sizc analysis and thc optimal 
55 spacing of thc amplificr mirrors. Howcvcr, thc thickness of 
the gain medium and of thc Brcwstcr angle platc arc small 
cornpared with the dimensions of thc optical paths in the 
amplifier ccll, and in practice the amplificr is cmpirically 
aligned, with the spacing of the mirrors IS  and 25 in FIG. 2 
60 being adjusted to account for thcsc small eEccts. 
Other embodiments of the invention, similar to thosc 
shown in FIGS 2-6 are illustrated schcmatically in FIGS. 
7A-13B. FIG. 7A illustrates an embodiment 140A in which 
an optical cavity is defined by a planar first mirror 142A, a 
65 curvilinearly shaped second mirror 143, and third and fourth 
mirrors 144a and 1446, spaced apart from and facing cach 
other. This cmbodimcnt also includes an optical gain 
40 
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medium 146 that is positioned adjacent to, or contiguous to, 
a reflecting surface of the first mirror 142A. The third and 
fourth mirrors 144a and 144b are optionally spaced apart 
from each other by a small distance to create an aperture 145 
therebetween. The aperture 145 serves as a light beam 
insertion means or as a light beam removal means for the 
cavity. Alternatively, the third and fourth mirrors 144a and 
144b may be joined together (not shown in FIG. 7A) so that 
no aperture 145 appears. The mirrors 144a and 144b are 
preferably planar mirrors whose planes are approximately 
perpendicular to each other. An optical cavity axis AA 
defines a selected direction for this embodiment. Preferably, 
the optical distance d ,  from the first mirror 142A to the 
second mirror 143 is equal to the focal lcngth f2 of the 
second mirror; and the sum (dz+3id3,4+d4,2) of the lengths of 
the path segments from the second mirror 143 to third mirror 
144a to fourth mirror 144b to second mirror 143 equals 2f2. 
The “optical distance” between two objects is the actual 
distance divided by the refractive index of the material 
positioned between the two objects. 
A light beam, such as 147-1, leaving the first mirror 142A 
and incident on the second mirror 143, is reflected by thc 
second mirror 143 as a light beam 147-2 toward the third 
mirror 144a in a direction approximately parallel to the axis 
AA., lhen reflected by thc third mirror as a light beam 147-3 
toward the fourth mirror 144b, then reflected by the fourth 
mirror 144b as a light beam 147-4 along a direction approxi- 
mately parallel to the axis AA. The light beam 147-4 is 
reflected by the second mirror 143 as a light beam 147-5 
toward a selected focal point 149 that is positioned on the 
first mirror 142A or within the gain medium 146. This 
completes one cycle of an optical path, which cycle can be 
repeated several times. Thc beam diameter at thc focal point 
149 changes little, i f  at all, each time the bcam cycles and 
passcs through the gain medium 146. 
Optionally, a plate 141 with two plane parallel surfaces 
that is optically transparent at the wavelength of light to be 
amplified is positioned in the path segment 147-2 and/or in 
thc path segment 147-4 to receive an incident light bcam and 
translate this beam by a small, controllable amount in a 
direction approximately perpendicular to the direction of the 
axis AA, as shown. Using this translation means, a path 
segment 147-i(i =I ,  2 ,3 ,4 ,5 )  for one cycle will be displaced 
from that path segment 1474 for any other cycle so that each 
cycle includes a direrent set of path segments from the palh 
segments of any other cycle. The path segment translation 
plate 141 can be deleted, and bean path translation can be 
accomplished by any of live other approaches: (1) rotate the 
mirror 142A by a small angle in the plane of the paper in 
FIG. 7A; (2) rotate thc mirror 143 by a small anglc in thc 
plane of the paper in F1G. 7A; (3) rotate the mirrors 144a 
and 144b together by a small angle in the plane of the paper 
in FIG. 7A; (4) translate one or both of the mirrors 144a and 
144b in a direction transverse to the axis AA; and ( 5 )  
translate the mirror 142A a small amount in a direclion 
approximately perpendicular to the axis AA. 
An embodiment 1408 shown in FIG. 78 is similar in most 
respects to the FIG. 7A embodiment, except that: (1) the 
aperture 145 is absent; (2) the planar first mirror 142A is 
replaced by a curvilinear mirror 1428 that receives and 
reflects a light beam at approximately perpendicular inci- 
dence, with the gain medium 86 being contiguous to the 
reflective surface of thc first mirror 142B. The curvilinear 
mirror 142B may be used to compensate for dcvelopmcnt of 
a thermal lens in the gam medium 146, or for any other 
purpose. 
FIG. 8A illustrates an embodiment 150A that includes an 
optical cavity dcfined by a first mirror 152A, curvilinearly 
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shaped second and third mirrors 153 and 154, and a fourth 
mirror 155A, spaced apart from and facing each other. In 
FIG. 8A, the first and fourth mirrors are planar. Optionally, 
the second mirror 153 has an aperture 153a therein, or the 
third mirror 154 has an apcrture 154a therein, to serve as a 
light bcam insertion means or as a light beam removal 
means. Alternatively, one or both of the apertures 153a and 
154a may be absent. An optical gain medium 157 is posi- 
tioned adjacent to, or contiguous to, the first mirror 152A. 
Preferably, the optical distance d,,2 from the first mirror 
152A to the second mirror 153 is equal to the focal length f2 
associated with the mirror 153; the optical distance d3,4 from 
the third mirror 154 to the fourth mirror 155A is prcfcrably 
equal to the focal lcngth f3 associated with the third mirror 
154; and half the sum (d2,3+d4,2) of the lengths of the path 
segments from the second minor 153 to the third mirror 154 
and from the fourth mirror 155A to the second mirror 153 is 
equal to the sum f2+f3 of the focal lengths of the second and 
third mirrors 
A light beam, such as 158-1, is inserted into the cavity and 
propagates away from the first mirror 152A and toward the 
second mirror 153. This light beam is reflected by the second 
mirror 153 toward the third mirror 154 as a light beam 
158-2, in a direction approximately parallel to a selected 
cavity axis AA. The beam 158-2 is reflected from the third 
mirror 154 toward the fourth mirror 155A as a bcam 158-3, 
then is reflected at a selected focal point 159b from the 
fourth mirror 155A toward the third mirror 154 as a bcam 
158-4 toward thc third mirror 154. The beam 158-4 is 
reflected from the third mirror 154 as a beam 158-5 in a 
direction approximately parallel to the direction of the axis 
AA. The light bcam 158-5 is reflected from the second 
mirror 153 toward the first mirror 152A as a light beam 
158-6, then is reflected by the first mirror 152A at a selected 
focal point 159a toward thc second mirror 153 to complete 
a cycle of an optical path. The beam diameter at the focal 
point 159a changes little, if at all, each time thc bcam cycles 
and passes through Lhe gain medium 152A. 
Optionally, an optically transparent plate 151 with two 
plane parallel surfaces is positioned in the path scgment 
158-2 and/or in the path segment 158-5 to receive an 
incident light beam and translate this beam by a small, 
controllable amount in a direction approximately perpen- 
dicular to the direction of the axis AA, as shown. Using this 
translation means, a palh segment 158-i(i=Ij 2 , 3 , 4 , 5 , 6 )  for 
one cycle will be displaced from that path segment 1584 for 
any other cyclc so that each cyclc includes a different set of 
path segments from the path segments of any other cycle. 
The path segment translation plate 151 can be deleted, and 
bcam path translation can be accomplished by any of four 
other approaches: ( 1 )  rotate the mirror 152A by a small anglc 
in the plane of the paper in FIG. 8A; (2) rotate the mirror 153 
by a small angle in the plane of the paper in FIG. 8A; (3) 
rotate the mirror 154 by a small angle in the plane of the 
paper in  FIG. 8A; (4) rotate the mirror 155A by a small angle 
in the plane of the paper in FIG. 8A; ( 5 )  translate either of 
the mirrors 152A or 155A a small distance approximately 
perpendicular to the axis AA; and (6) translate either of the 
mirrors 153 or 154 a small distance approximately parallel 
to the axis AA. 
The embodiment 150B shown in FIG. 8B is similar in 
most respects to thc FIG. 8A embodiment, except that 
the apertures 15% and 154a are absent; (2) the first m 
152A is curvilinearly shaped and the gain medium 157 is 
contiguous to the first mirror 152A. 
The embodiment 150C shown in FIG. 8C is similar in 
most respects to the FIG. 8A embodiment, except that: ( 1 )  
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the aperturcs 153a and 154a are absent; and (2) the fourth 
mirror 155A is curvilinearly shaped and the gain medium 
157 is contiguous to the fourth mirror 155A. In another 
embodirncnt, not shown explicitly here but combining the 
features of FIGS. 8A, 8B and 8C, the first mirror 152A and 5 
fourth mirror 155A are both curvilinearly shaped. 
The embodiment 150D shown in FIG. 8D is similar in 
most respects to the FIG. 8A embodiment, except that a first 
gain medium 157a is positioned contiguous to a first mirror 
152D and a second gain medium 157b is positioned con- io  
tiguous to a fourth mirror 155D, as shown. The different 
features shown in FIGS. 8A, 8B, 8C and 8D may bc 
permutcd to produce many other variations on the basic 
version of the embodiment shown in FIG. 8A. 
FIG. 9A illustrates an embodiment 160A that includes an 15 
optical cavity defined by a planar first mirror 162A, a second 
mirror 163, curvilinearly shaped third and fourth mirrors 
164 and 165, spaced apart and facing each other, and a fifth 
mirror 166. In FIG. 9A, the first, second and fifth mirrors 
162A, 163 and 166 are planar. Preferably, the third mirror 20 
164 and the fourth mirror 165 arc paraboloidally shaped or 
spherically shaped. An optical gain medium 167 is posi- 
tioned adjacent to, or contiguous to, the first mirror 162A. A 
light beam 168-1 moves away from the first mirror 162A 
toward the second mirror 163. The beam 168-1 is received 25 
by the sccond mirror 163 and reflected as a beam 168-2 
toward the third mirror 164. The beam 168-2 is received by 
the third mirror 164 and reflectcd as a light beam 168-3 
toward thc fourth mirror 165, in a dircction approximately 
parallel to a selected axis AA. The beam 168-3 is received 30 
by the fourth mirror 165 and reflected as a light beam 168-4 
toward the fifth mirror 166. The beam 168-4 is received by 
the fifth mirror 166 and reflectcd as a light beam 168-5 
toward a selected focal point 169 on the first mirror 162A, 
where i t  is reflected toward the second mirror 163 to 35 
complete an optical path within the cavity. A second possiblc 
optical path cycle for a light beam within the cavity is also 
indicated in FIG. 9A. Preferably, the optical distance d,,2 
from the first mirror 162A to the second mirror 163 plus thc 
optical distance d2,3 from thc second mirror 163 to the third 40 
mirror 164 is equal to the focal length f, associated with the 
third mirror 164. Preferably, the optical distance d4,5 from 
the fourth mirror 165 to the fifth mirror 166 plus the optical 
distance d5,1 from the fifth mirror to the first mirror 162A is 
equal to the focal length f4 associated with the fourth mirror 45 
165. Preferably, the distance d3,4 from the third mirror 164 
to the fourth mirror 165 is approximately equal to the sum 
f,+, of the focal lengths of the third and fourth mirrors. The 
beam diameter changcs little, if at all, each time the beam 
cycles and passes through the gain medium 167. 
Optionally, an optically transparent plate 170 with two 
plane parallel surfaces is positioned in the path segment 
168-3 to receive an incident light beam and translate this 
beam by a small, controllable amount in a direction approxi- 
mately perpendicular to the direction of the axis AA, as 55 
shown. Using this translation means, a path segment 168- 
i(i=l, 2, 3, 4, 5 )  for one cycle will be displaced from that 
path scgmcnt 168-i for any other cycle so that each cycle 
includcs a differcnt set of path segments from the path 
segments of any other cycle. The path segment translation 60 
plate 170 can be deleted, and beam path translation can be 
accomplishcd by any of five other approaches: (1) rotate the 
mirror 162A by a small angle in the plane of the paper in 
FIG. 9A; (2) rotate the mirror 164 and the mirror 165 by 
small coordinated angles in the plane of the paper in FIG. 65 
9A; (3) rotate the mirror 163 and the mirror 166 by small 
coordinated angles in the plane of the paper of FIG. 9A; (4) 
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translate the mirror 162A a small distance perpendicular to 
the axis AA; and (5) translate the mirror 164 or 165 a small 
distance approximately perpendicular to the axis AA. 
An embodiment 160B shown in FIG. 9B is similar in most 
respects to the FIG. 9A embodiment, except that thc first 
mirror 162B is curvilinearly shaped and the gain medium 
167 is contiguous to the reflective surface of the mirror 
162B. 
FIG. 10 illustrates an embodiment including an optical 
cavity having a selected axis AA and defined by planar, 
perpendicular first and second mirror surfaces 172q 1726, 
which are pan of a first prism 173 (made of material with 
refractivc index nl), and planar, perpendicular third and 
fourth mirror surfaces 174u and 17&, which arc part of a 
second prism 175 (madc of material with refractive indcx 
n2). The two mirror surfaces 172u and 172b face and arc 
spaced apart from the two mirror surfaces 174a and 174bas 
shown. An optical gain medium 176, having a selected focal 
point 177 in thc gain medium, is positioned bctwecn thc 
mirror pair 172d172b and the mirror pair 174u/174b. A first 
lens system 178 is positioned between the two mirrors 172a 
and 172b and the gain medium 176. A sccond lens systcm 
179 is positioned between the two mirrors 174a and 1740 
and the gain medium 176. The lens systems 178 and 179 
each receive a light beam traveling approximately parallel to 
the axis AA and focus the beam toward the selected focal 
point 177, and conversely. Preferably, the optical distance 
(dl,l+d1.2+d1.3)nl of a light beam path within thc prism 173 
plus the optical dislance d,,4 from thc first lens system 178 
to thc prism 173 plus the distance d,,5 from thc prism 173 
to the lens system 178 is equal to twice the focal length, ZJ,, 
of the lcns 178. Preferably, thc optical distance (d2,1+d.22+ 
d2,,)/n2 of a light bcam path within the prism 175 plus thc 
optical distance d2,4 from the second lens systcm 179 to the 
prism 175 plus the distance d2,5 from the prism 175 to the 
lens system 179 is equal to twice the focal length, 2f2, of thc 
lens 179. Preferably, the distance dg., from the first lcns 
system 178 to the focal point 177 in the gain medium 176 is 
equal to f,; and the distance d8,2 from the second lens system 
179 to the focal point 177 is equal to f2. 
A light beam 171-1 initially propagating parallel to thc 
cavity axis AA is received by the first mirror surface 172a 
and reflected toward thc second mirror surfacc 172b a5 a 
beam 171-2, and is received and reflected by the mirror 
surfacc 172b as a bcam 171-3 that propagates approximatcly 
parallel to the axis AA. The bcam 171-3 is received by the 
lcns system 178 and directed toward the focal point 177 as 
a beam 171-4. The beam 171-4 passes through the gain 
medium 176 and focal point 177, is received by thc lens 
system 179, and is directed toward the mirror surface 174a, 
approximately parallel to the axis AA, as a bcam 171-5 The 
bcam 171-5 is rcceivcd by the third mirror surface 174a and 
reflected as a beam 171-6 toward the fourth mirror surface 
174b. The beam 171-6 is received and reflected as a bcam 
171-7 that propagatcs approximately parallel to the axis AA. 
The beam 171-7 is received by the lens system 179 and 
directed toward the focal point 177 as a beam 171-8. The 
beam 171-8 passes through the gain medium 176, is receivcd 
by the lens system 178, and is directed toward the first mirror 
172~1, approximately parallel to the axis AA, as a bcam 
171-9, thus completing a beam path cycle. The beam diam- 
eter changes little, if at all, each time the beam cycles and 
passes through the gain medium 176. 
An optically transparent plate 180q 180b, 180c and/or 
180d having two planar parallel surfaces is optionally placed 
in one of the beam path segments 171-1, 171-3, 171-5 or 
171-7, respectively, to provide cycle-to-cycle translation or 
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transversc displacement of the light beam path by a small 
amount in a direction approximately perpendicular to the 
cavity axis AA, for each beam path cycle. Alternatively, the 
prism two mirror surfaces 172u and 172b may be translatcd 
a small distancc approximately perpendicular to the axis 5 
AA, or these two mirror surfaces may be rotated, about any 
center except the apex of the prism 173, by a small angle in 
the plane of the paper of R G .  10. Alternatively, the two 
mirror surfaces 174u and 174b may be translated a small 
distance approximately perpendicular to the axis AA, or LO 
these two mirror surfaces may be rotated, about any center 
except the apex of the prism 175, by a small anglc in the 
planc of the paper of FIG. 10. Alternatively, the center of the 
first lens system 178 or the center of the second lens system 
179 may be translated a small distance approximately per- 15 
pendicular to the axis AA. 
FIG. 11 illustrates an embodiment that is similar in most 
rcspects to the FIG. 10 embodiment, with the following 
changes: (1) the prisms 173 and 175 and corresponding 
mirror surfaccs 172a,172b, 174a and 174b are removed and 20 
replaced by planar first, second, third and fourth mirrors 
182a, 182b, 184a and 1846 in FIG. 11, with the same planar 
orientations, and the refractive indices n, and n2 for thc 
intervening material are formally set equal to 1 in the 
distance constraint equations; ( 2 )  the two mirrors 182a and 25 
182b are optionally spaced apart from each other by a small 
distance, to provide an aperture 183 for beam insertion into, 
or beam removal from, the cavity; (3) the two mirrors 184a 
and 184b are optionally spaced apart from each other by a 
small distance, to provide an aperture 185 for beam insertion 30 
into, or beam removal from, thc cavity; (4) the gain medium 
176 and associated beam focal point 177 are replaced by a 
gain medium 186 and associated beam focal point 187; (5) 
the lenses 178 and 179 are replaced by lenses 188a and 
188b; and (6) the beam translation plales 180a, Hob, l80c 35 
and/or 180d are replaced by beam translation plates 189a, 
189b, 189c and/or 189d, respectivcly. The alternative 
approaches for beam translation discussed in conncction 
with FIG. 10 are also available, mutatis mutandis, as altcr- 
native means of beam translation in FIG 11. Preferably, thc 40 
distance constraints for the configuration shown in FIG. 11 
are the same as the distance constraints for the configuration 
shown in FIG. 10. with the prisms 173 and 175 and reflective 
surfaces 172a, 172b, 1740 and 174abeing replaced by the 
reflective surfaces or mirrors 182a, 182b, 184a and 184b, 45 
with the prism refractive indices n,=n,=I. In FIG. 11, as in 
FIG. 10, the beam diametcr at the selected focal point 187 
changes little, i l  at all, each time the beam cycles and passes 
through the gain medium 186. 
Optionally, in any of the cmbodiments, the light beam can 50 
bc delivered into the optical cavity or removed from the 
cavity using a small mirror MI or M2, respectively, as 
shown in FIG. 11. Similarly positioned small mirrors may be 
used for beam insertion into or beam removal from the 
optical cavity shown in FIG. 10. In any of the embodiments 55 
disclosed herein, the gain medium may bc optically pumped 
by light delivered through an optical fiber OF, as illustrated 
in FIG. 11. 
FIG. 12A illustrates an embodiment 190A including an 
optical cavity having a cavity axis AA and being defincd by 60 
a planar first mirror 192A and planar second and third mirror 
surfaces 193a and 193b, which are surfaces of an optically 
transparent prism 194, where the first mirror 192A is spaced 
apart from and faces the mirror surfaces 193a and 1936. This 
embodiment has a selected axis AA. The planes of the two 65 
mirrors 193a and 193b arc oriented approximately perpen- 
dicular to each other. An optical gain medium 195 is 
20 
positioned contiguous to, the first mirror 192A, and a 
sclectcd focal point 196 is positioned on the firs1 mirror, or 
on or within thc gain medium 195. A lens systcm 197 
receives a light bcam propagating approximately parallel to 
the axis AA away from one of ~e mirrors 1930 or 193b and 
directs the light beam toward the selected focal point 196, 
and conversely. The gain medium 195 is pumped, longitu- 
dinally or transversely, by an energy beam 198. A light beam 
200-1 propagating approximately parallel to the cavity axis 
AA is inserted into the cavity and follows the beam path 
segments 200-2, 200-3, 200-4, 200-5, and 200-6 as shown, 
thus completing a beam path cycle. Preferably, the distance 
d,,l, from the lens 197 to the first mirror 192A is equal to the 
focal length fL of the lens 197. Preferably, the optical 
distance (d,,,+d,,,+d,,,)/n of as light beam path within the 
prism 194 plus thc optical distance d2,4 from the prism 194 
to the lens 197 plus the optical distance d2.* from the prism 
194 to the lens 197 is equal to twice the focal length, 2S,, of 
the lens 197, where n is the refractive index valuc of the 
material that makes up the prism 194; and the distance from 
the lens 197 to the first mirror 192A is equal to the focal 
length fI~. The bcam diameter at the selected focal point 1% 
changes little, if at all, each time the beam cycles and passes 
through thc gain medium 195. 
An optional small mirror M3 positioned within the cavity 
provides anotbcr means for beam insertion into, or beam 
removal from, the cavity. Optionally, an optically transpar- 
ent plate 191a or 191b, having two planar, parallel light- 
receiving surfaces, is positioned in one of the beam path 
segments 200-3 or 200-6, respectively, to providc cycle-to- 
cycle bcam path translation in a direction approximately 
perpendicular to the cavity axis AA. Alternatively, beam 
path translation can be provided by any of the following four 
approaches: ( I )  rotate the first mirror 192A by a small angle 
in the plane of the papcr in FIG. 12A; (2) translate the center 
of the lens 197 a small distance off the axis AA; (3) translate 
the prism 194 a small distancc approximately perpendicular 
to the axis AA; (4) rotate the prism, about any center except 
the apex of thc prism 194, by a small angle in the plane of 
the paper in FIG. 12A; and (5) translatc the first mirror 192A 
a small distance approximately parallel to thc axis AA. 
The cmbodimcnt 190B shown in FIG. 12B is similar in 
most respects to the FIG. 12A cmbodimcnt, with the fol- 
lowing changes: ( I )  the second and third mirror surfaces 
193u and 193b and the prism 194 in FIG. 12A are replaced 
by two planar mirrors 202a and 202b wiLh the same planar 
orientation; ( 2 )  the two mirrors 202a and 202b are optionally 
spaced apart a small distance, to provide for beam insertion 
into, or bcam removal from, the cavity; and (3) the planar 
first mirror 192A in FIG. 12A is optionally replaced by a 
curvilinearly shaped mirror 192B, and the gain medium 195 
is contiguous io the reflective surface of thc mirror 192B. 
The distance constraint rclations for the configuration shown 
in FIG. 12B are the same as the distancc constraint rclations 
for FIG. 12A, with the refractive index n being formally set 
equal to 1 for FIG. 12B. The alternative approaches for bcam 
path translation in FIG. 12A also apply for beam path 
translation in FIG. 12B. 
FIG. 13A illustrates an embodiment 210A, including an 
optical cavity having a cavity axis AA and being dcfined by 
a first mirror 212A, a curvilinearly shaped sccond mirror 
213, and third and fourth mirror surfaces 214a and 214b that 
are part of an optically transparent prism 215 that is posi- 
tioned out of the plane of the drawing from the first mirror 
212A. The second mirror 213 faces and is spaced apart from 
the first, third and fourth mirrors 212A, 214u and 2146 and 
faces these mirrors. Thc cavity axis AA passes through the 
5,546,222 
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center of the sccond mirror 213, which is prcfcrably parabo- 
loidally or spherically shaped. An optical gain medium 216 
is positioncd contiguous to, the first mirror 212A. The 
second mirror 213 reflects any incident light bcam travcling 
approximatcly parallel to the axis AA toward a selected focal 
point 217 on the first mirror 212A or in thc gain medium 
216, and conversely. 
A flight beam 220-1 initially propagates approximately 
parallel to thc cavity axis AA and is received and reflected 
by the third mirror 214a toward the fourth mirror 214b as a 
bcam 220-2. The beam 220-2 is rcccived and reflectcd by the 
fourth mirror 214b toward the second mirror 213 as a beam 
220-3, in a direction approximately parallel to the axis AA. 
The bcam 220-3 is rcccivcd and reflcctcd by the second 
mirror 213 as a beam 220-4 that passes through the gain 
medium 216 and the focal point 217 and is reflected by the 
first mirror 212A as a light bcam 220-5. The beam 220-5 
moves away from the focal point 217 toward the second 
mirror 213 and is reflected thereat as a light beam 220-6 that 
movcs toward thc third mirror 214u in a direction approxi- 
mately parallel to the axis AA. This complctes a beam 
optical path cycle. An optional, optically transparent platc 
218 with two parallel surfaces is positioned in the beam path 
220-3 andor 220-6 so that cach incident, provides cycle- 
to-cyclc bcam path translation in a direction approximately 
transverse to the direction of the axis AA. The plane 
containing the bcam path scgmcnts 220-2,220-3 and 220-6 
is displaced rotationally from the plane containing the beam 
path segments 220-4 and 220-5. This is illustrated in the top 
view of FIG 13B. 
Preferably, the optical distancc (d3,,+d3.b+d,,,)/n 
(n=prism material refractive indcx) of path segments within 
the prism 215 plus the optical distance dz,! from the second 
mirror 213 to the prism 215 plus the optical distance d3,z 
from the prism 215 to the second mirror 213 is equal to twice 
the focal Icngth, 2Jzr of the second mirror 213; and the 
distance d2,, from thc second mirror 213 to the focal point 
217 on the first mirror 212A is cqual to f2. Here, n is the 
rcfractive indcx of thc prism material. The beam diameter 
changes little, if at all, each time the beam cycles and passes 
through the gain medium 216. Alternatively, beam path 
translation can be provided by any or the following six 
approaches, (1) rotate the first mirror 212A by a small angle 
in the planc of the paper in FIG. 13A; (2) translate the 
second mirror 213 by a small distance approximately per- 
pendicular to the axis AA; ( 3 )  rotate the second mirror 213 
by a small anglc in the planc of the paper in FIG. 13A; (4) 
translate the prism 215 by a small distancc approximately 
pcrpendicular to the axis AA; ( 5 )  rotate the prism 215, about 
any center except the apex of the prism, by a small angle in 
the plane of the paper in FIG. 13A; and (6) translate the first 
mirror 212A approximately parallel to the axis AA. 
The embodiment 210B shown in FIG. 13C is similar in 
most respects to the FIG. 13A embodiment, cxcept that: (1) 
the third and fourth mirror surfaccs 214u and 214b and the 
prism 215 arc replaced by two planar mirrors 2% and 22b 
with thc samc planar orientation; and (2) the planar first 
mirror 212A is replaced by a curvilinearly shaped mirror 
212B that is contiguous to the gain mcdium 216. The 
distancc constraints for the embodiment shown in FIG. 13B 
arc thc samc as the distance constraints shown in FIG. 13A, 
with the refractive indcx n being formally set equal to 1.  The 
altemativc approaches for beam path translation in FIG. 13A 
also apply to FIG. 13B. 
The embodiments shown in FIGS. 7A-12B have been 
presented in two-dimcnsional formats for illustrative pur- 
poses. Thc peregrinating light beams in these embodiments 
22 
may bc confined to a planc, as suggested in thesc FIGS. 
However, thc light beams shown in any of the FIGS. 7A, 7B, 
8A, 8B, 8C, 9A, 9B, 12A, 12B, 13A and 13B may also travcl 
in threc-dimensional space, unconfined to a singlc planc. An 
example of this is illustrated in the top view of FIG. 13B. 
FIG. 14 illustrates possible points of passage 231-i(i=I, 2,3 ,  
. . . ) of consecutive light beam segments that propagatc 
parallel to the selected axis AA, through a disk 233 (imagi- 
nary) that is oriented transverscly to thc selected axis AA for 
any one of these embodiments. In a strictly two-dimensional 
lo configuration for that embodiment, the points of bcam 
passagc would bc 231-1,231-3,231-5, ctc. Or 231-2,231-4, 
231-6, etc., consistcnt with confincment of the light beam 
segments to a singlc planc. 
If the reflective surfaccs used in any of the embodiments 
I 5  shown in FIG. 7A-13C (cxccpting FIGS 10 and 11 ) arc 
oricntcd appropriately, the light beam scgmcnts will dcfinc 
beam paths in three dimensions, and the points of possiblc 
passagc through the disk 233 may bccomc 231-1, 231-2, 
231-3, 231-4, 231-5, etc., or 231-1, 231-10, 231-3, 231-8, 
20 231-5, 231-6, etc., or some othcr more complex pattern, 
possibly involving three or more rows in the disk 233 
containing points of bcam passagc. Thus, thc cmbodimcnts 
shown here in FIGS. 7A-13C involve light bcams that are 
confined to a plane or that move in full three-dimensional 
The light amplification gain medium used in any of thc 
FIGS. 1-13C may accept and store photon encrgy for 
subsequent transfer to a light beam passing through thc gain 
medium. Alternatively, thc gain mcdium may bc a two- 
dimcnsional surface array or region of semiconductor elc- 
30 ments, containing material such as GAP, GaAs, GaAsP, 
GaAlAs, AIAs, GaInP, lop, InAsP, InGaAs and InGaAsP. 
Each scmiconductor element acccpts and stores clcctrical 
cncrgy and releases this stored energy, not as an edge 
emission, but as a radiative cmission (facc cmission) to a 
light beam passing through the gain medium in a dircction 
gcncrally transverse to thc surfacc of the scmiconductor 
elements. With reference to FIG. 15, where the gain medium 
is such a surfacc array 241 of semiconductor elements, the 
optical thickness z of such an elcmcnt is preferably small 
40 and the light beam to be amplified prcfcrably passes through 
the thin gain medium as an incident bcam 243 at approxi- 
matcly perpendicular incidencc, is rcflcctcd by a reflcctivc 
surface 245 contiguous to the gain medium, and passes back 
through the gain medium a second timc as a rcflccted bcam 
247. The semiconductor surfacc array 241 can bc driven by 
a pulsed or CW current sourcc 249. 
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Wc claim: 
1. A multiple pass light amplificr comprising: 
an optical gain mcdium to amplify a light bcam having a 
selcctcd wavelength that passes through the gain 
medium; 
an optical cavity, having a cavity axis, containing the gain 
medium in one or more segments, and including N 
reflective surfaces or mirrors (N22) ,  consecutively 
numbercd i=l, 2, . . . , N and positioncd so that a light 
bcam introduced into the cavity will pass through the 
gain medium at least one and will be rcflectcd in 
consecutive order from cach mirror oncc before thc 
light beam is reflected from any one of thc mirrors a 
sccond timc and so that thc light bcam will cxcculc two 
or morc approximatcly closed path cycles within thc 
cavity, where the light beam has approximately the 
same beam diameter each time the beam passes through 
bcam translation means, positioned bctwccn two of thc N 
reflective surfaces so that the translation means docs 
5o 
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5,546,222 
23 24 
not lic on the cavity axis, for receiving and translating 
a light beam by a small, controllable amount in a 
direction approximately perpendicular lo the immcdi- 
ately preceding direction of travel of the light bcam 
immediately before the light beam is received bY the 5 
translation means, so that when the light beam issues beam insertion and said beam removal 
from the translation means, the light beam travels includes an 
substantially parallel to the immediately preceding 13. The apparatus of claim 1, further comprising a retro- 
direction; reflector positioned to receive a light beam from said beam 
light beam insertion means for introducing a light beam 10 removal means and to reverse the direction of propagation of 
produced by a light source into the cavity so that the this light beam. 
beam propagates toward one of the mirrors; and 14. The apparatus of claim 1, wherein said integer N=2, 
light beam removal means for removing a light beam wherein said optical cavity is a confocal resonator including 
from the cavity. first and second curvilincarly shaped mirrors facing each 
2. The apparatus of claim 1, further comprising: 15 other along a resonator axis that coincides with the cavity 
one or more laser diodes to provide electromagnetic axis and having a common optical focal point positioned 
radiation in a selectcd wavelength band; and between the mirrors, the two mirrors being arranged so that 
radiation delivery means for receiving electromagnetic a light beam that passes through the common focal point is 
radiation produced by the laser diodes and for trans- subsequently received by either of the mirrors and is 
porting this radiation to pump said gain medium, thc 20 reflected toward the other mirror in a direction that is 
radialion delivery means including at least one of the approximately parallel to the resonator axis, and wherein 
following: an optical fiber, a lens, a refiectivc surface, said gain medium is positioned at Ihe common focal point. 
a prism, a waveplate, or a beam splittcr. 15. The apparatus of claim 14, whcrcin cach of said first 
3. The apparatus of claim 1, wherein one or more of said and second mirrors is approximately a paraboioidal light. 
mirrors includes Or more segments "parated 25 reflecting surface or a spherical light-reflecting surface with 
from cach other. a focal point approximately coinciding with said common 
4. The apparatus of claim 1, wherein said optical gain focal point, medium includes a solid-state lascr material drawn from the 16. The apparatus of claim 14, wherein said first mirror is group consisting of Nd:YLF, Nd:YAG, Nd:YVO,, Nd:YOS, 
Nd:glass, Cr:.iSAF, Cr:LiCAF, Er:gIass, T~:YLF,  combined with a lens system, having at least onc lcns and 
T m : y ~ ~ ,  T~:YVO,,  H ~ : T ~ : Y L F ,  H ~ : T ~ , Y A G ,  H ~ : T -  30 being positioned between said first mirror and said common 
m : ~ ~ ~ , ,  yb:yLF, Yb:YAG, Yb:YVO,, Ti:sapphire, rub,, focal point so that a light beam leaving said first mirror that 
and alexandrite. passcs through the lens system and thal passes through the 
5, The apparatus of claim 1, wherein said gain medium is common focal point is subsequently received by said sccond 
a solid, liquid or gas that can be pumped by electromagnetic mirror and is reflected toward said first mirror in a direction 
radiation or by electrical current. 35 that is approximately parallel to the resonator axis. 
6. The apparatus of claim 1, further comprising an optical 17. The apparatus of claim 14, wherein said first and 
gain medium temperaturc change means, connected to said second mirrors are approximately identical and are posi- 
gain medium, for controllably changing thc tcmperature of tioned at approximately equal distances from said common 
said gain medium. focal point. 
18. The apparatus of claim 14, wherein said first and 
gain medium pump means for pumping said gain medium second mirrors are positioned at unequal distances from said 
longitudinally or pumping said gain medium transverscly. common focal point. 
8. The apparatus of claim 1, further comprising defocus- 19. The apparatus of claim 14, further comprising at lcast 
ing means, positioncd adjacent to said gain medium, for one light beam aperture positioned between said first and 
controllably reducing the focusing of a light beam incident 45 second mirrors to suppress parasitic oscillations of a light 
on said gain medium, to cornpensatc for thermal lensing in beam amplified by passage through said optical gain 
said gain medium. medium. 
9. The apparatus of claim 1, wherein said beam translation 20. The apparatus of claim 1, wherein said integer N 2 3  
means is a body, of substantially transparent material and and at least two consecutively numbered mirrors m and m+l 
having two approximately parallel light-receiving surfaces, 50 ( 1  5mSN-1) are curvilincarly shaped. 
that is positioned so that a light beam propagating approxi- 21. The apparatus of claim 20, wherein said optical cavity 
mately parallcl to said cavity axis and incident on a light- includes a first mirror, a second mirror, a curvilinearly 
rccciving surface of the body, passcs through this body is shaped third mirror having a focal length f3, a curvilincarly 
translated a controllable distancc toward said cavity axis or shaped fourth mirror having a focal length f,, and a fifth 
away from said cavity axis in a selected first direction. 55 mirror, spaced apart and with cach mirror facing at lcast onc 
10. The apparatus of claim 9, wherein said beam trans- other mirror, the mirrors being arranged so that a light bcam 
lation means further comprises a second body, of substan- received by the second mirror from thc first mirror is 
tially transparent material and having two approximatcly reflected toward the third mirror, then reflected by the third 
parallel light-receiving surfaccs, that is positioned so that a mirror toward the fourth mirror in a direction thal is approxi- 
light beam propagating approximately parallel to said cavity 60 mately parallcl to a selected beam propagation direction, 
axis and incident on a light-receiving surface of the sccond then reflected by the fourth mirror toward the fifth mirror, 
body, passes through the second body and is translated a then reflected by the fifth mirror toward the first mirror, then 
controllable distance toward said cavity axis or away from reflected by the firs1 mirror toward the second mirror again 
said cavity axis in a second direction that is independent of to form an optical path for the light beam. 
said first direction, 22. The apparatus of claim 21, wherein the optical dis- 
11. The apparatus of claim 10, wherein said first body and tance di,2 between said first mirror to said second mirror, the 
said sccond body are positioned so that a light beam propa- optical distancc dz,3 between said second mirror and said 
gating parallel to said cavity axis that passes through onc of 
said first body and said second body will not pass through 
the other of said first body and said second body, unless thc 
light beam is first reflected from one of said mirrors. 
12. The apparatus of claim 1, wherein at least one of said 
in one of said mirrors. 
7. The apparatus of claim 1, further comprising optical 40 
65 
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third mirror, the optical distance d3,4 from said third mirror 
to said fourth mirror, the optical distancc d4,5 between said 
fourth mirror to said fifth mirror, and the optical distance d5,, 
between said fifth mirror and said first mirror satisfy at least 
one of the following three relations: 
dl .2+d2,3=f,l 
4 + & , t % v  
l 3 t f 4 - 4  4 
23. The apparatus of claim 21, wherein said beam path 
translation means is drawn from thc class consisting of thc 
following displacement devices: ( I )  mirror rotation mcans 
for rotating said first mirror, said second mirror and said fifth 
mirror, or said third mirror and said fourth mirror by a small, 
controllable angle in the plane defined by a light beam 
incident on that mirror and a light bcam that has becn 
rcflected rrom that mirror; (2) mirror translation means for 
translating said first mirror a small, controllable distance in 
a dircction approximately perpendicular to said selected 
direction; (3) mirror translation means for translating said 
third mirror a small, controllable distance in a direction 
approximately pcrpendicular to said selected direction; and 
(4) mirror translation means for translating said fourth 
mirror a small, controllable distance in a dircction approxi- 
mately perpendicular to said selected direction. 
24. The apparatus of claim 21, wherein said gain medium 
is positioned between said first minor and said second mirror 
and is contiguous to said first mirror, and said first mirror is 
planar. 
25. The apparatus of claim 21, wherein said gain mcdium 
is positioned between said first mirror and said second 
mirror and is contiguous to said first mirror, and said first 
mirror is curvilinearly shaped. 
26. The apparatus of claim 21, wherein said fifth mirror is 
positioned so that any light beam traveling in a direction 
approxirnatcly parallel to said selccted dircction, which is 
reflected by said fourth mirror toward said fifth mirror, is 
rcflcctcd by said fifth mirror approximately toward a 
selected focal point on the reflective surface of said first 
mirror. 
27. The apparatus of claim 21, wherein at least one of said 
third mirror and said fourth mirror is approximately parabo- 
loidally shaped or approximately spherically shaped. 
28. The apparatus of claim 20, whcrcin all of said mirrors 
are planar, the apparatus further comprising optical means 
positioncd bctween two consecutively numbcred mirrors 
and said gain mcdium, for focusing a light beam that is 
received after being reflected consecutively from these two 
consecutively numbered mirrors onto a selected region on a 
surfacc or within said gain medium. 
29. Thc apparatus of claim 28, wherein said optical cavity 
comprises: 
first, second, third and fourth mirrors, spaced apart and 
with each mirror facing at least one other mirror, thc 
mirrors being arranged so that a light beam received by 
the second mirror from thc first mirror is reflected 
toward the third mirror in a direction that is approxi- 
mately parallel to a selected bcam propagation direc- 
tion, then is rcflectcd by the third mirror toward the 
fourth mirror, then is reflected by the fourth mirror 
toward the first mirror in a direction that is approxi- 
mately parallel to the selected direction, then is 
reflected by the first mirror toward the second mirror to 
form an optical path for the light beam, where the first 
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and second mirrors are oricnted approximately perpcn- 
dicular to each other and thc third and fourth mirrors 
arc oriented approximately pcrpendicular to cach othcr; 
and 
first and second lens systems, having respectivc focal 
lengths f, and fi, spaced apart from each other and 
positioned so that the first lens system lics between the 
gain medium and the first and second mirrors and so 
that the second lens system lies between the gain 
medium and the third and fourth mirrors, wherc thc first 
lens system receives a light bcam travelling away from 
the second mirror in a direction approximately parallcl 
to the selected direction and reorients the light bcam in 
a direction approximately toward a sclcctcd focal point 
in the gain medium, wherc the second lcns system 
rcceives a light beam travelling away from thc fourth 
mirror in a direction approximately parallcl to the 
sclected direction and reorients the light bcam in a 
direction approximately toward thc selected focal point 
in the gain medium, and each lens system receives a 
light bcam travelling away from the sclcctcd focal point 
in thc gain medium and rcoricnts the light bcam in a 
direction approximately parallcl to the sclcctcd dircc- 
tion. 
30. The apparatus of claim 29, wherein thc optical dis- 
tancc d,,,, from said first mirror to said first lcns systcm, thc 
optical dismce d,.,, from said sccond mirror to said first 
lens system, the optical distance d3,,.2 from said third mirror 
to said second lens system, the optical distancc d4,1.2 from 
said third mirror to said second lens system, thc optical 
distance d,,* from said first mirror to said second mirror, the 
optical distance d3,4 from said third mirror to said fourth 
mirror, the optical distance d,,,*, from said gain mcdium to 
said first lcns system, and thc optical distancc d,,,., from said 
gain medium to said second lens system satisfy at lcast one 
of thc following four relations: 
d8,1 Kflfi. 
d&! 2%. 
d1.t i+di &.I I~S,. 
4.12td3 ,+4 1 2 3 2  
31. The apparatus of claim 29, whcrcin said bcam path 
translation means is an optically transparcnt platc having 
two parallcl surfaces that is positioned between said second 
lens system and either said third mirror or said fourth mirror, 
for rccciving and translating a light bcam travelling parallcl 
to said selected direction by a small, controllablc amount in 
a direction approximately pcrpendicular to said selcckd 
direction so that, when thc light beam issues From the 
translation means, the light bcam travels approximately 
parallel to said selected direction. 
32. The apparatus of claim 29, whercin cach of said first 
and second mirrors are planar, and the planes of the first and 
sccond mirrors arc oriented approximately pcrpcndicular to 
each othcr. 
33. Thc apparatus of claim 29, whcrcin said first and 
second mirrors are two intcmally rcflectivc surfaces on an 
optically transparent body having at lcast onc additional 
light beam-receiving surface. 
34. Thc apparatus of claim 29, whcrcin said bcam path 
translation means is drawn from the class consisting of the 
following displacement deviccs: ( 1 )  mirror rotation means 
for rotating said first mirror and said second mirror together 
by a small, controllable angle in a plane defined by a light 
5,546,222 
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beam incident on said first mirror and a light beam that has means for translating said second mirror and said third 
been reflected from said second mirror; (2) mirror rotation mirror together a small, controllable distance in a direction 
means for rotating said third mirror and said fourth mirror by approximately perpendicular to said selected direction; (4) 
a small, controllable angle in the plane defined by a light mirror rotation means for rotating said second and third 
bcam incident on that mirror and a light beam that has been mirrors together by a small, controllable angle in the plane 
reflected from that mirror; (3) lens translation means for dcfined by a light beam incident on that mirror and a light 
translating said first lens system a small, controllable dis- beam that has been reflected from that mirror; and (5) mirror 
tance in a direction approximately perpendicular to said translation means for translating said first mirror a small, 
selected direction; (4) lens translation means for translating controllable distance in a direction approximately parallel to 
said second lens system a small, controllable distance in a ,o said selected direction. 
direction approximately perpendicular to said selected direc- 38. The apparatus OF claim 35, wherein said second and 
tion; (5) mirror translation means for translating said first third mirrors are planar and these two mirror planes are 
and second mirrors together a small, controllable distance in oriented approximately perpendicular to each other. 
a direction approximately perpendicular to said selected 39. The apparatus of claim 35, wherein said second and 
direction; and (6)  mirror translation means For translating third mirrors arc two internally reflective surfaces on an 
said third and fourth mirrors together a small, controllable l5 optically transparent body having at least one additional 
distance in a direction approximately perpendicular to said light beam-receiving surfacc. 
selected direction. 40. The apparatus of claim 1, wherein said gain medium 
35. The apparatus of claim 28, wherein said gain medium comprises: 
is positioned between said first mirror and said second an activatable array of one or more face emitting semi- 
mirror and adjacent to said firs1 mirror, and said optical 20 conductor diodes, oriented to receive said light beam at 
cavity compnses: a first face of the array at approximately perpendicular 
first, second and third mirrors, with the second and third incidence, to pass said light beam through the diode 
mirrors facing and being spaced a p m  from the first array to a second face of the array that faces and is 
mirror, the mirrors being arranged so that a light beam spaced apart from the first face, and to amplify said 
received by the second mirror from the first mirror is 25 light beam as said light bcam passes through the array; 
reflected by the second mirror toward the third mirror, and 
then is reflected by the third mirror toward the first a controllable current source connectcd to the diode array 
mirror in a direction that is approximately parallel to a to provide electrical current to activate the diode array. 
selected beam propagation direction and so that a light 41. The apparatus of claim 40, wherein the semiconductor 
beam reccived by the first mirror from the third mirror 30 material for said semiconductor diodes is drawn from the 
is reflected by thc first mirror toward the second mirror, group consisting of GaP, GaAs, GaAsP, GaAIAs, AMs, 
where the second and third mirrors are oriented GaInP, InP, InAsP, InGaAs and InGaAsP. 
approximately perpendicular to each other; and 42. The apparatus of claim 40, furthcr including a reflec- 
a lens system, having a focal length fl-, positioned 35 tive surface, positioned adjacent to said second face of said 
Lime, From said second face toward said first face of said 
between the and third mirrors on one side and 
the gain medium on the other side, where the lens 
diode array, that receives and rCfleClS said light beam and 
CaUSeS said light beam LO pass through said array a second 
systems a light beam travelling away from the 
third mirror in a dircction approximately parallel to the 
selected direction and reorients the light beam in a 4o 
direction approximately toward a sclectcd focal point in 
the gain medium, and the lens system receives a light 
beam travelling away from the selected focal point and 
reorients the light beam so that the light beam travels 
toward the second mirror in a direction approximately 45 
parallel to the selected direction. 
36. The apparatus of claim 35, wherein the optical dis- 
tance d,.L between said first mirror and said lens system, the 
optical distance d2,L between said second mirror and said 
lens system, thc optical distance d3,,~ between said third 5o 
mirror and said lens system, and the optical distance d2,3 
between said second mirror and said third mirror satisfy at 
least one of thc following two relations: 
55 
d, l + 4 3 + 4  ,Sf, 
37. The apparatus of claim 35, wherein said beam path 
lranslation means is drawn from the class consisting of the 60 
following displacement devices: (1) mirror rotation means 
for rotating said first mirror by a small, controllable angle in 
Ihe plane defined by a light beam incident on that mirror and 
a light beam that has been reflected from that mirror; (2) lens 
translation means for &anslating said lens system a small, 65 
controllable distance in a direction approximately perpen- 
dicular to said selected direction; (3) mirror translation 
43. A multiple pass light amplifier comprising: 
an optical gain medium to amplify a light beam having a 
selected wavelength that passes through the gain 
medium; 
an optical cavity conmining the gain medium and includ- 
ing N reflective surfaces or mirrors (NL3),  consecu- 
tively numbcred i=l,  2, . . . , N and positioned so that 
a light beam introduced into the cavity will be reflected 
from each mirror in consecutive order and will pass 
through the gain medium at least once, then will be 
reflected from at least one of the mirrors numbered 2, 
..., N a second time before Ihe light beam is reflected 
from mirror number 1 a second time and so that the 
light beam will execute two or more approximately 
closed path cycles within the cavity, where the light 
beam has approximately the same beam diameter each 
timc the beam passes through the gain medium; 
beam translation means, positioned between two of the N 
reflective surfaces so that the translation means does 
not lie on the cavity axis, for receiving and translating 
a light beam by a small, controllable amount in a 
direction approximately perpendicular to the immedi- 
ately preceding direction of travel of thc light beam 
immediately before the light bcam is received by the 
translalion means, so thal, when the light beam issues 
from the translation means, the light beam travels 
substantially parallel to the immediately preceding 
direction, 
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light beam insertion means for introducing a light beam 
produccd by a light source into the cavity so that thc 
beam propagates toward one of the mirrors; and 
light beam removal means for removing a light beam 
from the cavity. 
44. The apparatus of claim 43, further comprising: 
one or more laser diodes to provide electromagnetic 
radiation in a selected wavelength band; and 
radiation delivery means for receiving electromagnetic 
radiation produced by the laser diodes and for trans- 
porting this radiation to pump said gain medium, the 
radiation delivery means including at least one of the 
following: an optical fiber, a lens, a reflective surface, 
a prism, a waveplate, or a beam splitter. 
45. Thc apparatus of claim 43, wherein one or more of 
said mirrors includes two or more mirror segments separated 
from each other. 
46. The apparatus of claim 43, wherein said optical gain 
medium includes a solid-statc laser material drawn from the 
group consisting of Nd:YLF, Nd:YAG, Nd:YVO,, Nd:YOS, 
Nd:glass, Cr:LiSAF, Cr:LiCAF, Erglass, Tm:YLF, 
Tm:YAG, Tm:YVO,, Ho:Tm:YLF, Ho:Tm:YAG, Ho:T- 
m:YVO,, Yb:YLF, Yb:YAG, Yb:YVO,, Tksapphire, ruby 
and alexandrite. 
47. The apparatus of claim 43, wherein said gain medium 
is a solid, liquid or gas that can be pumped by electromag- 
netic radiation or by electrical current. 
48. The apparatus of claim 43, further comprising an 
optical gain medium temperature change mcans, connected 
to said gain medium, for controllably changing the tempcra- 
lure of said gain medium. 
49. The apparatus of claim 43, further comprising optical 
gain medium pump means for pumping said gain medium 
longitudinally or pumping said gain medium transvcrscly. 
50. The apparatus of claim 43, further comprising dcfo- 
cusing means, positioned adjacent to said gain medium, for 
controllably reducing the focusing of a light beam incident 
on said gain medium, to compensate for thermal lensing in 
said gain medium. 
51. The apparatus of claim 43, whercin said beam trans- 
lation means is a body, of substantially transparent material 
and having two approximately parallel light-recciving sur- 
faces, that is positioned so that a light beam propagating 
approximately parallel to said cavity axis and incident on a 
light-receiving surface of the body, passes through this body 
is translated a controllable distancc toward said cavity axis 
or away from said cavity axis in a selected first direction. 
52. The apparatus of claim 51, wherein said beam trans- 
lation means further comprises a second body, of substan- 
tially transparent material and having two approximately 
parallel light-receiving surfaces, that is positioned so that a 
light beam propagating approximately parallcl to said cavity 
axis and incident on a light-receiving surface of thc second 
body, passes through the second body and is translated a 
controllable distancc toward said cavity axis or away from 
said cavity axis in a second direction that is independent or 
said first direction. 
53. Thc apparatus of claim 52, wherein said first body and 
said second body are positioned so that a light beam propa- 
gating parallel to said cavity axis that passes through one of 
said first body and said second body will not pass through 
the other of said first body and said second body, unless the 
light beam is first reflccted from onc of said mirrors. 
54. The apparatus of claim 43, wherein at least one of said 
beam insertion means and said beam removal means 
includes an aperture in one of said mirrors. 
55. The apparatus of claim 43, further comprising a 
retro-reflector positioned to receive a light beam from said 
30 
bcam removal means and to rcvcrse the direction of propa- 
gation of this light bcam. 
56. The apparatus of claim 43, wherein said gain medium 
is spaced apart from each of said mirrors. 
57. The apparatus of claim 43, wherein said gain medium 
is adjacent to or contiguous to said mirror numbcr 1. 
58. The apparatus of claim 43, wherein all of said mirrors 
are curvilinearly shaped. 
59. The apparalus of claim 43, wherein said mirror 
number 2 is curvilinearly shaped. 
60. The apparatus of claim 59, wherein all of said mirrors 
except said mirror numbcr 2 arc planar. 
61. The apparatus of claim 59, wherein at least two 
consccutively numbcrcd mirrors m and m+l (l<mSN-l) are 
62. The apparatus of claim 59, where said optical cavity 
comprises a first mirror, a curvilinearly shaped second 
mirror, a third mirror and fourth mirror, spaced apart and 
with each mirror facing at least one other mirror, the mirrors 
20 being arranged so that a light beam received by thc sccond 
mirror from the first mirror is reflccted toward the third 
mirror in a direction that is approximately parallel to a 
selected beam propagation direction, then reflected by thc 
third mirror toward the fourth mirror, then rcflccied by the 
25 fourth mirror toward the second mirror, then reflected by thc 
second mirror toward the first mirror, then reflected by thc 
first mirror toward the second mirror again to form an optical 
path for the light beam. 
63. The apparatus of claim 59, whcrcin said second mirror 
30 is a paraboloidal light-reflecting surface or a spherical 
light-reflecting surface with a focal point approximatcly 
coinciding with said common focal point. 
64. Thc apparatus of claim 62, whcrcin the focal lcngth f, 
of said second mirror, Ihc optical distance d,., bctwccn said 
35 first mirror and said second mirror, the optical distance d2.3 
between said second mirror and said third mirror, the optical 
dislance d3, betwecn said third mirror and said fourth 
mirror, and the optical distance d4.2 betwecn said fourth 
mirror and said second mirror satisfy at least onc of the 
5 
,5 curvilinearly shaped. 
4o following two relations: 
65. The apparatus of claim 62, wherein said beam path 
translation mcans is an optically transparcnt plate having 
two parallel surfaces, positioncd between said sccond and 
third mirrors or between said second and fourth mirrors, for 
50 receiving and translating a light beam travclling parallel to 
said selected direction by a small, controllablc amount in a 
direction approximately perpendicular to said selected direc- 
tion so that, when the light beam issues from thc translation 
mcans, the light beam travels approximately parallel to said 
66. The apparatus of claim 62, wherein said beam path 
translation means is drawn from the class consisting of the 
following displacemcnt dcvices: ( 1 )  mirror rotation mcans 
for rotating said first mirror by a small, controllablc angle in 
60 thc plane defined by a light beam incident on said first mirror 
and a light beam that has been reflected from said firs1 
mirror; (2) mirror rotation means for rotating said second 
mirror by a small, controllable angle in the planc defined by 
a light beam incident on said second mirror and a light beam 
65 that has been reflected from said second mirror; (3) mirror 
rotation means for rotating said third and fourth mirrors 
togcther by a small, controllablc angle in thc plane defined 
55 selected direction. 
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by a light beam incidcnt on said first mirror and a light beam the plane defined by a light beam incidcnt on said first mirror 
that has been reflected from said first mirror; (4) mirror and a light beam that has been reflected from said first 
translation means for translating said first mirror a small, mirror; (2) mirror rotation means for routing said second 
controllable distance in a direction approximately perpen- mirror by a small, controllable angle in the plane defined by 
djcular to said selected direction; and ( 5 )  mirror translation a light beam incident on said second mirror and a light beam 
at least one of said third mirror and that has been reflected from said second mirror; (3) mirror 
said fourth mirror a small, controllable distance in a direc- rotation means for rotating said third mirror by a small, 
tion approximately perpendicular to said selected direction. by a light beam 
67. The apparatus of claim 62, wherein said second mirror incident on said third mirror and a light beam that has been reflected from said third mirror; (4) mirror rotation means 
for rotating said fourth mirror by a small, controllable angle is positioned so that any light beam reccived by said sccond $0 mirror from said fourth mirror in a direction approxirnatcly in plane defined by a light beam incident on said fourth 
parallel to said selected dircction is reflected approximately mirror and a light beam said 
toward a selected focal point on thc reflective surface of said fourth mirror; ( 5 )  
first mirror. said first mirror a small, controllable distance in a direction 
68. The apparatus of claim 67, whcrcin said sccond mirror 15 approximately perpendicular 10 said sclccted direction; (6) 
is approximately paraboloidalb shaped Or approximateh' mirror translation means for translating said second mirror a 
spherically shaped. small, controllable distance in a direction approximately 
69. The apparatus of claim 62, wherein said third and perpendicular to said selected direction; (7) mirror transla- 
fourth mirrors are spaced from each Other by a small tion means for translating said third mirror a small, control- 
distancc and form an aperture therebetween and said light 20 lable distance in a direction approximately perpendicular to 
beam insertion means comprises this aperture. said selected direction; and (8) mirror translation means for 
62, wherein said third and translating said fourth mirror a small, controllable dislancc 
fourth mirrors arc spaced from Other by a in a direction approximately perpendicular to said selected 
distancc and form an aperture therebetween and said light direction. 
beam removal means comprises this aperture. 75. The apparatus of claim 71, wherein at Icast onc of said 
71. The apparatus of claim 61, whcrein said optical cavity second mirror and said third mirror is either paraboloidally 
includes a first mirror, a curvilinearly shaped sccond mirror, shaped or spherically shaped, 
a curvilinearly shaped third mirror and fourth mirror. spaced 76. The apparatus of claim 59, wherein said optical cavity 
apart and with each mirror facing at ]Cast One other mirror, includes first, second, third and fourth mirrors, with the 
the mirrors being arranged SO that a light beam received by 30 second mirror being curvilinearly shaped and being spaced 
third mirror in a direction that is approximately parallel to whcrc the third and fourth mirrors arc o+ntcd approxi- 
said selected beam propagation direction, then reflcctcd by mately perpcndicu~ar lo each 
where the third and fourth mirrors are positioned so that the third mirror toward the fourth mirror, thcn reflected by the fourth mirror toward thc third mirror, thcn reflcctcd by 35 a light 
second mirror in a direction that is approximately the third mirror toward the second mirror in a direction that 
parallel to a sclected beam propagation direction, is is approximately parallel to said sclccted direction, thcn 
reflected by the third mirror toward Ihe rourth mirror, rcflectcd by the second mirror toward the first mirror. thcn 
then is reflected by the fourth mirror toward the second reflected by the first mirror toward the second mirror again 
mirror in a direction that is approxirnatcly parallcl to to form an optical path for the light beam. 
the selected direction; and 72. The apparatus of claim 71, wherein thc focal length f2 of said second mirror, the focal length f3 of said third mirror, 
where the second mirror is positioned so that a light beam the optical distance d1,* between said first mirror and said 
travcling approximately in the sclccted direction is sccond mirror, thc optical distancc d2,3 between said second 
bctween said third mirror and said fourth mirror satisfy at point on the first mirror or in the gain medium. 
77. The apparatus of claim 76, wherein the focal length f, least one ofthe following three relations: 
of said second mirror, the optical distance d1.* between said 
first mirror and said second mirror, the optical distance d2,3 
between said second mirror and said third mirror, thc optical 
distance d3,4 between said third mirror and said €ourth 
mirror, the optical distance d4,* bctwcen said fourth mirror 
and said second mirror, and the weighted average refractive 
index n of a material positioned between said first mirror and 
beam path 55 said sccond mirror satisfy at lcast one of the following two 
relations: 
5 
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has been reflected 
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70. The apparatus Of 
25 
thc second mirror from thc first mirror is reflcctcd toward the apw from and facing the first, third and fourth mirrors, 
received by the third mirror from 
40 
mirror and said third mirror, the optical distance d3,4 45 reflected by the second milYOr toward a selcctcd f 0 d  
4 z=Ia 
d ,  4% 
(dz ,+a z x 2 q * + j ,  
73, The apparatus of claim 71, wherein 
translation means is an optically transparent plate having 
two parallel surfaces, positioned between said second and 
third mirrors, for receiving and translating a light beam 
travelling parallel to said selected dircction by a small, 
dicular to said selected direction so that, when the light beam 
issues from thc translation means, the light bcam travels 78. The apparatus of claim 76, wherein said beam path 
approximately parallel to said selected direction. translation means is an optically transparent platc having 
74. The apparatus of claim 71, wherein said beam path two parallel surfaces, positioned between said second mirror 
translation means is drawn from the class consisting of the 65 and said third mirror, or between said second mirror and said 
following displacement dcvices: (1) mirror rotation means fourth, for receiving and lranslating a light beam travelling 
for rotating said first mirror by a small, controllablc angle in parallel to said selected direction by a small, controllable 
d ,  2& 
(4 ,+d, ,+& 2 Y E 2 1 2  controllablc amount in a direction approximately perpen- 60 
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amount in a direction approximately perpendicular to said 
sclectcd direction so that, when the light beam issues from 
the translation means, the light beam travels approximately 
parallel to said selected direction. 
79. The apparatus of claim 76, wherein said beam path 
translation means is drawn from the class consisting of the 
following displacement devices: (1) mirror rotation means 
for rotating said first mirror by a small, controllable angle in 
the plane defined by a light beam incident on said first mirror 
and a light beam that has been reflected from said first 
mirror; (2) mirror rotation means for rotating said second 
mirror by a small, controllable angle in the plane defined by 
a light beam incidcnt on said second mirror and a light beam 
that has bcen reflcctcd from said second mirror; (3) mirror 
rotation means for rotating said third mirror by a small. 
controllablc angle in the plane defined by a light beam 
incident on said third mirror and a light beam that has been 
reflected from said third mirror; (4) mirror rotation means 
for rotating said fourth mirror by a small, controllable angle 
in the plane defined by a light beam incident on said fourth 
mirror and a light beam that has been reflected from said 
fourth mirror; (5) mirror translation means for translating 
said first mirror a small, controllable distance in a direction 
approximately parallel to said selected direction; (6) mirror 
translation means for translating said second mirror a small, 
controllable distance in a direction approximately perpen- 
dicular to said selectcd direction; and (7) mirror translation 
means for translating said third and fourth mirrors together 
a small, controllable distance in a direction approximatcly 
pcrpcndicular to said selected direction. 
80. The apparatus of claim 76, wherein said third and 
fourth mirrors are two internally reflective surfaces on an 
optically transparent body having at least one additional 
light beam-recciving surfacc. 
81. The apparatus of claim 43, wherein said gain medium 
comprises: 
an activatable array of one or more face emitting semi- 
conductor diodes, oricnted to rcccivc said light beam at 
a first facc of the array at approximately perpendicular 
incidencc, to pass said light beam through the diode 
array to a second face of the array that faces and is 
spaced apart from thc first face, and to amplify said 
light beam as said light beam passes through the array; 
and 
a controllablc current source connected to the diode array 
to provide electrical current to activate the diode array. 
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82. The apparatus of claim 81, wherein the semiconductor 
material for said semiconductor diodes is drawn from the 
group consisting of GaP, GaAs, GaAsP, GaAIAs, AIAs, 
GaInF', InP, InAsP, InCaAs and InGaAsP. 
83. The apparatus of claim 81, further including a reflcc- 
tive surface, posilioned adjacent to said second face of said 
diode array, that receives and reflects said light beam and 
causes said light beam to pass through said array a second 
time, from said second face toward said first facc of said 
array. 
84. A multiple-pass light amplifier comprising: 
a confocal rcsonator including first and second curvilin- 
early shaped mirrors facing each othcr along a rcsona- 
tor axis and having a common optical focal point 
positioned between the mirrors, the two mirrors being 
arranged so that a light beam that passcs through the 
common focal point is subsequently received by cithcr 
of the mirrors and is reflecled toward thc othcr mirror 
in a direction that is approximately parallcl to the 
resonator axis; 
an optical gain medium, having a diameter that is small 
compared the distance between thc two mirrors and 
being positioned at the common focal point of the two 
mirrors; 
beam translation means, positioncd bctwccn two of the 
mirrors so that the translation means does not lic on thc 
cavity axis, for receiving and translating a light beam 
by a small, conuollable amount in a direction approxi- 
makly pcrpcndicular to the immcdiatcly prcccding 
direction of travel of the light beam immcdiatcly before 
the light beam is received by the translation means, so 
that, when the light beam issues from thc translation 
means, the light beam travels substantially parallel to 
the immediately preceding direction; 
light beam insertion means for introducing a light beam 
produced by the light source into the region betwccn 
the first and second mirrors; and 
light beam removal means for removing a light beam 
from the region between the first and second mirrors, 
whereby a light beam introduccd into the rcgion betwccn 
the first and second mirrors has approximately the same 
diameter each time the beam passes through thc gain 
medium. 
* * * * *  
